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SUMMARY
The w ork  o f  t h i s  t h e s i s  i s  c o n c e rn e d  w i t h  a new m ethod o f  c o u p l i n g  
l i g h t  from  an o p t i c a l  f i b r e  to  a t h i n  f i l m  w a v e g u id e  u s i n g  th e  
i n t e r a c t i o n  o f  t h e  e v a n e s c e n t  f i e l d s  o f  t h e  tw o g u i d e s .  I n  p a r t i c u l a r  
th e  f i b r e  u s e d  w as s t a n d a r d  s i n g l e  mode f i b r e ,  i n  w id e s p r e a d  u s e  i n  
te leco m m u n ic a tio n s  n e t w o r k s .  The f i b r e  and f i l m  c h a r a c t e r i s t i c s  a r e  
d is c u s s e d  i n  c h a p t e r  2. I n  t h i s  ty p e  o f  f i b r e  l i g h t  i s  g u id e d  by a 
c e n t r a l  c o r e  r e g i o n  w h ic h  i s  t y p i c a l l y  8-lOpm i n  d i a m e t e r  and i s  
su rrounded  by a c l a d d i n g  w h ich  i s  t y p i c a l l y  125pm i n  d i a m e t e r .  The 
ev a n e sc e n t  f i e l d  o f  the  gu ided  l i g h t  decays very  r a p id l y  away from the  
co re  reg io n .  The main d i f f i c u l t i e s  in  e x p l o i t i n g  th e  f i b r e  evanescen t 
f i e l d  a r e  i t s  l i m i t e d  e x t e n t ,  i t s  i s o l a t i o n  by th e  c l a d d i n g  l a y e r  and 
th e  p h y s ic a l  d im ensions  in v o lv e d ,  t y p i c a l l y  m icrons.
I t  was n e c e ssa ry  to  employ a dev ice  geom etry  which a l lo w ed  micron and 
sub-m ic ron  t o l e r a n c e s  t o  be a c h ie v e d  u s i n g  m e c h a n ic a l  t o o l s .  T h is  
geom etry  known a s  the  ta p e re d  v-groove co u p le r  (TVC) a l lo w ed  a c c e s s  to  
th e  f i b r e  ev anescen t f i e l d  by removing a p o r t i o n  o f  th e  c lad d in g  and i t  
i s  d e s c r ib e d  in  c h a p te r  4. I t  a l s o  in c o rp o ra te d  a p la n a r  s u r fa c e  which 
was s u i t a b l e  f o r  p l a n a r  f i l m  d e p o s i t i o n .  T h i s  a l l o w e d  t h i n - f i l m  
w aveguides to  be formed d i r e c t l y  onto  th e  TVC where they  were i n  r i g i d  
and i n t i m a t e  c o n ta c t  w i th  th e  p o l ish e d  f i b r e .
E vanescen t f i e l d  co u p l in g  r e q u i r e s  ( f o r  s i g n i f i c a n t  pow er t r a n s f e r )  
t h a t  t h e  tw o w a v e g u id e s  h a v e  a l m o s t  i d e n t i c a l  p ro p a g a t io n  c o n s ta n ts .  
The TVC i n c o r p o r a t e d  a t a p e r e d  r e g i o n  w h ic h  r e d u c e d  th e  f a b r i c a t i o n  
to l e r a n c e s  i n v o l v e d  i n  a c h i e v i n g  s y n c h ro n is m  b e tw e e n  th e  two g u id e s .  
Using t h e  TVC, c o u p l i n g  f ro m  f i b r e  t o  f i l m  t o  f i b r e  was d e m o n s t r a t e d  
w ith  an i n s e r t i o n  lo s s  o f  2dB. The w avelength  dependence o f  the  co u p le r  
was i n v e s t i g a t e d  and i s  d i s c u s s e d  i n  c h a p t e r  5. C o u p lin g  to  r i b  and 
channe l g u i d e s  i s  d i s c u s s e d  i n  c h a p t e r  6 , I t  was found  t h a t  a l t h o u g h  
p la n a r  f i l m s  c o u ld  be s t r a i g h t f o r w a r d l y  a l i g n e d  w i t h  t h e  f i b r e  c o r e  
u s in g  t h i s  g e o m e t r y ,  a l i g n m e n t  o f  r i b  g u id e s  i n v o l v e d  m e e t in g  
t o l e r a n c e s  o f  microns.
T h is  work has  im p o r ta n t  a p p l i c a t io n s  i n  th e  f i e l d  o f  coup ling  between 
s ta n d a rd  f i b r e s  and i n t e g r a t e d  o p t i c a l  w aveguides s in c e  i t  complements, 
r a t h e r  than  competes w i th  th e  e x i s t i n g  te ch n iq u e  o f  b u t t - c o u p l in g .  I t  
i s  p a r t i c u l a r l y  s u i t a b l e  f o r  coup ling  to  very  t h i n  f i l m s  (<l^m th ic k )  
which can be d e p o s i te d  on a s i l i c a  s u b s t r a t e .
C hap te r  1 I n t r o d u c t io n
1 .1  E x tend ing  th e  a p p l i c a b i l i t Y  o f  i n t e g r a t e d  o p t i c s
T h is  t h e s i s  i s  c o n c e r n e d  w i t h  t h e  im p ro v e m e n t  o f  an  i n t e r f a c e ;  
t h a t  b e tw e e n  i n t e g r a t e d  and  f i b r e  o p t i c s .
The t r a n s m is s i o n  l o s s  o f  o p t i c a l  f i b r e s  was im proved from 20dB/km i n  
1970^ to  0.2dB/km in  1979^. Laser d iodes  have a l s o  im proved rem arkab ly  
s in c e  t h e  r e a l i s a t i o n  o f  t h e  AlGaAs/GaAs h e t e r o j u n c t i o n  i n  1969^ a s  
have t h e  r a n g e  and  s e n s i t i v i t y  o f  t h e  a v a i l a b l e  d e t e c t o r s ^ ' ^ .  T hese  
t h r e e  com ponents ( l a s e r - f i b r e - d e t e c t o r )  form th e  b a s i s  o f  th e  o p t i c a l  
com munications l i n k s  i n  w idesp read  use t o d a y P e r h a p s  th e  m a tu r i t y  o f  
t h i s  t e c h n o l o g y  i s  b e s t  r e p r e s e n t e d  by th e  d e m o n s t r a t i o n  o f  c o h e r e n t  
d e t e c t i o n  s y s t e m s  p e r f o r m i n g  c l o s e  to  t h e  t h e o r e t i c a l  d e t e c t i o n  
limit®*®.
There h a v e  b een  many a d v a n c e s  d u r in g  t h i s  p e r i o d  i n  t h e  f i e l d  o f  
i n t e g r a t e d  o p t i c s ,  w h i c h  h a s  b e e n  r e v i e w e d  e x t e n s i v e l y ^ ^ *  
I n t e g r a t e d  o p t i c a l  c i r c u i t s  a r e  c lo se  i n  concep t t o  microwave s t r i p l i n e  
waveguide c i r c u i t s  r a t h e r  th an  being d i e l e c t r i c  a n a lo g u es  o f  i n t e g r a t e d  
e l e c t r o n i c  c i r c u i t s .  T h e i r  f a b r i c a t i o n  i n v o l v e s  t h e  u se  o f  t h i n  
t r a n s p a r e n t  d i e l e c t r i c  l a y e r s  on p l a n a r  s u b s t r a t e s  a s  o p t i c a l  
w aveguides. Rib and channe l g u id es  as  w e l l  a s  p la n a r  g u id e s  have been 
used to  produce e.g. s w i tc h e s  m odu la to rs  and beam d e f l e c to r s ^ ^ .  Much 
o f  t h i s  work h a s  been c a r r i e d  ou t on LiNbOg, GaAs and r e l a t e d  m a t e r i a l s  
bu t a  s i g n i f i c a n t  am o u n t o f  r e s e a r c h  i s  now d i r e c t e d  a t  p a s s i v e  low  
in d ex  m a te r ia ls ^ ®  and n o n - l i n e a r  o rg an ic  m a te r i a l s ^ ^ .
There a re  many a r e a s  i n  which o p t i c a l - f i b r e  sy s tem s  a re  s u p e r io r  
to  ' e l e c t r o n i c '  sy s tem s  such as c o a x ia l - c a b le ,  microwave and t w i s t e d -  
w ire ,  p a r t i c u l a r l y  b e c a u s e  o f  t h e i r  l a r g e  b a n d w id th .  I f  i n t e g r a t e d  
o p t i c a l  c i r c u i t s  a r e  to  be in c o rp o ra te d  i n  such sy s tem s  th e n  th e y  must 
a l s o  have s u p e r io r  perfo rm ance  to  t h e i r  e l e c t r o n i c  c o u n te r p a r t s .  One 
example i s  t h e  h ig h  s p e e d  w a v e g u id e  i n t e n s i t y  m o d u l a to r .  D i r e c t  
c u r r e n t  m o d u la t io n  o f  sem iconduc to r  l a s e r s  i s  l i m i t e d ,  f o r  re a so n a b le  
d r iv e  p o w e r ,  t o  a b o u t  l-2G H z^^ . F u r th e r m o r e ,  i n  m os t s e m i c o n d u c to r  
l a s e r s  f a s t  c u r r e n t  m o d u l a t i o n  a l s o  r e s u l t s  i n  a n  u n d e s i r a b l e  
w aveleng th  m o d u l a t i o n  w h ic h  w ould  be d e t r i m e n t a l  f o r  w a v e le n g th  
m u l t ip le x in g ^ ^ .  A d i r e c t i o n a l  coup le r  m odu la to r  h as  been d em o n s tra ted  
to  w ork  a t  a l m o s t  lOGHz^? and  by e m p lo y in g  t h i s  d e v i c e  t h e  a v a i l a b l e  
f i b r e  bandw idth  can be more e f f i c i e n t l y  u t i l i s e d .
I t  i s  n e c e s s a r y  t o  c o u p le  l i g h t  i n t o  and o u t  o f  t h e  m o d u l a to r  w i t h
r e a s o n a b le  e f f i c i e n c y  and a t  r e a s o n a b le  c o s t .  Reducing th e  i n s e r t i o n  
l o s s  o f  f i b r e  t o  i n t e g r a t e d  o p t i c s  c o u p l e r s  w i t h o u t  u n d u e  
s o p h i s t i c a t i o n  w i l l  e x t e n d  t h e  a p p l i c a b i l i t y  o f  i n t e g r a t e d  o p t i c s  i n  
f i b r e - b a s e d  s y s t e m s .  I t  i s  p r e c i s e l y  t h i s  p ro b le m  w h ic h  t h i s  t h e s i s  
a d d r e s s e s .
1 .2  The co u p l in g  problem
The d im en s io n s  o f  o p t i c a l  w aveguides a r e  s m a l l ,  o f  the  o rd e r  o f  a 
few w av e le n g th s .  The co re  o f  a  s ta n d a rd  s in g le -m o d e  te leco m m u n ic a t io n  
fibre-'-® i s  a p p ro x im a te ly  8fim in  d ia m e te r .  I t  i s  su rrounded  by a  s i l i c a  
c la d d in g  o f  d ia m e te r  125fun which s h i e l d s  th e  co re .  The e l e c t ro m a g n e t i c  
f i e l d  o f  t h e  g u id e d  l i g h t  i s  c o n c e n t r a t e d  i n  t h e  c o r e  and d e c a y s  
r a p i d l y  aw ay from  i t .  T h i s  d e c a y in g  f i e l d  i s  a l s o  known a s  t h e  
e v a n e sc e n t  f i e l d .  This  w i l l  be d is c u s s e d  i n  more d e t a i l  i n  c h a p te r  2. 
A s i n g l e - m o d e  c h a n n e l  w a v e g u id e  i n  LiNbOg can  be f a b r i c a t e d  w i t h  
s i m i l a r  t r a n s v e r s e - f i e l d  d im e n s io n s ^ ® .  H ow ever,  i n  g e n e r a l ,  a w id e  
ran g e  o f  t r a n s v e r s e  f i e l d  d i m e n s i o n s  can  e x i s t  i n  r i b  and c h a n n e l  
w aveguides. A p la n a r  gu ide  i s  e s s e n t i a l l y  unbounded i n  one t r a n s v e r s e  
d im ension , w i t h  a l a r g e  r a n g e  o f  t h i c k n e s s e s  p o s s i b l e  i n  t h e  o t h e r .  
The t r a n s v e r s e  f i e l d  e x t e n t  depends c r i t i c a l l y  on th e  index  d i f f e r e n c e  
between th e  co re  and c la d d in g  r e g io n s  o f  th e  gu ide .  For l o c a l l y  doped 
m a t e r i a l s  ( f i b r e s ,  c h a n n e l  g u i d e s )  t h i s  i n d e x  d i f f e r e n c e  i s  n o r m a l l y  
v e ry  s m a l l  ( t y p i c a l l y  4 x 10” ^) and  t h e  f i e l d  e x t e n t  i s  r e l a t i v e l y  
l a r g e .  For p la n a r  w aveguides formed by d e p o s i t i o n  onto  a s u b s t r a t e  a 
l a r g e  in d e x  d i f f e r e n c e  i s  p o s s i b l e  r e s u l t i n g  i n  a r e l a t i v e l y  w e l l  
c o n f in e d  f i e l d .  Each g u id e  i s  n o r m a l l y  i n v a r i a n t  i n  th e  d i r e c t i o n  o f  
p ro p a g a t io n .  The g u id e d  l i g h t  i s  c h a r a c t e r i s e d  by a t r a n s v e r s e  f i e l d  
p a t t e r n  (mode sh a p e )  and a c h a r a c t e r i s t i c  w avenum ber (o r  p r o p a g a t i o n  
c o n s ta n t )  i n  th e  d i r e c t i o n  o f  p ro p a g a t io n .
1 .2 .1  Complementary te c h n iq u e s ;  b u t t  and t r a n s v e r s e  coup ling
The tw o p r i n c i p a l  m e th o d s  f o r  c o u p l i n g  l i g h t  e f f i c i e n t l y  from  
c y l i n d r i c a l  f i b r e s  t o  i n t e g r a t e d  o p t i c s  w a v e g u id e s  a r e  t h e  ' e n d - f i r e '  
(o r  b u t t )  and  'e v a n e s c e n t '  ( o r  t r a n s v e r s e )  f i e l d  t e c h n i q u e s .  I n  t h e  
e n d - f i r e  m e thod  th e  tw o g u i d e s  a r e  p r e c i s e l y  a l i g n e d  so  t h a t  l i g h t  
l e a v in g  t h e  e n d - f a c e  o f  th e  f i r s t  g u id e  i s  r a d i a t e d  d i r e c t l y  i n t o  t h e  
end f a c e  o f  th e  s e c o n d .  The tw o  e n d - f a c e s  a r e  n o r m a l l y  c l e a v e d  o r  
p o l i s h e d .  E f f i c i e n t  coup ling  r e q u i r e s  v e ry  a c c u ra te  a l ig n m en t o f  the
g u id e s  ( s u b m ic ro n )  and  a num ber o f  t e c h n i q u e s  h a v e  b een  d e v i s e d  t o  
a c h ie v e  t h i s .  N o tab le  a re  the  use o f  ' p r e f e r e n t i a l l y  e tc h e d '  a l ig n m e n t  
g rooves  i n  an e x t e r n a l  s i l i c o n  s u b s tra te ^ ®  and a l ig n m e n t  g rooves  e tch ed  
d i r e c t l y  i n t o  t h e  p l a n a r  s u b s t r a t e ^ ^ .  The b u t t  c o u p l i n g  m ethod  h a s  a 
number o f  in h e re n t  l o s s  m echanism s:-
F re s n e l  l o s s ;  due to  r e f l e c t i o n  a t  th e  f i b r e / a i r  and a i r /  
waveguide bou n d ar ie s
Alignment l o s s ;  due to  p o s i t i o n a l  and a n g u la r  m isa l ig n m e n ts .
F i e l d  m is m a tc h ;  f o r  maximum pow er t o  be t r a n s f e r r e d  b e tw e e n  tw o  
o p t i c a l  f i e l d s  th ey  must be made a s  s i m i l a r  a s  i s  
p o s s ib le ^ ^ .
B u tt  co u p lin g  h a s  been most w ide ly  a p p l ie d  to  L i th iu m  N iobate  d e v ic e s  
and t h e  b e s t  r e p o r t e d  l o s s  t o  d a t e ,  f ro m  f i b r e  t o  w a v e g u id e  t o  f i b r e  
was 0.5dB^^. T h i s  e x c e l l e n t  r e s u l t  w as a c h i e v e d  by a  co m p lex  d o u b le  
d i f f u s i o n  te ch n iq u e  which b u r ie d  th e  channe l waveguide to  o p t im is e  mode 
m atching . A s i m i l a r  o p t i m i s a t io n  program would be n e c e s s a ry  to  a c h iev e  
t h i s  perfo rm ance  f o r  each waveguide m a te r i a l  o f  i n t e r e s t .
In  th e  second te ch n iq u e  th e  two w aveguides a r e  p la c e d  s id e  by s id e  
i n  c l o s e  p r o x i m i t y .  I f  t h e y  a r e  s u f f i c i e n t l y  c l o s e  t h a t  t h e i r  
ev an e sc en t  f i e l d s  o v e r l a p  t h e n  pow er can  be c o u p le d  f ro m  one to  t h e  
o th e r .  H o w e v e r  i n  o r d e r  t o  a c h i e v e  100% p o w e r  t r a n s f e r  t h e  
p ro p a g a t io n  c o n s ta n t s  o f  th e  two waveguide modes must be eq u a l ,  i . e .  i t  
must be a r e s o n a n t  s t r u c t u r e .  The f a b r i c a t i o n  to l e r a n c e s  r e q u i r e d  to  
a c h ie v e  r e s o n a n c e  o r  s y n c h r o n is m  a r e  i n  p r a c t i c e  e x a c t i n g .  The 
te c h n iq u e  o f  t a p e r e d  v e l o c i t y  c o u p l i n g  h a s  b een  u s e d  t o  p r o v id e  t h e  
n e c e s sa ry  d e g r e e  o f  s y n c h r o n i s m  w i t h  r e d u c e d  f a b r i c a t i o n  
to l e r a n c e s ^ ^ ' .
E x te r n a l ly  m oun ted  f i b r e s ^ ^  h av e  been  u se d  b u t  t h e s e  r e q u i r e  i n  
a d d i t i o n  an e n d - f i r e  c o n n e c t io n  to  s ta n d a rd  te le c o m m u n ic a t io n s  f i b r e .  
There may however be renewed i n t e r e s t  i n  t h i s  work w i th  th e  development 
o f  D - f i b r e s  made f ro m  s t a n d a r d  f i b r e  p r e f o r m s ^ ? .  The a p p e a l  o f  
ev an e sc en t  c o u p l i n g  d e s p i t e  i t s  t e c h n i c a l  d i f f i c u l t i e s  i s  t h a t  i t  
o f f e r s  v i r t u a l l y  100% pow er t r a n s f e r  and  t h a t  i t  may be a p p l i e d  t o  
g u id e s  su p p o r t in g  modes o f  w ide ly  d i f f e r i n g  f i e l d  shape. This  t h e s i s  
d e s c r ib e s  th e  f a b r i c a t i o n  and c h a r a c t e r i s a t i o n  o f  an ev an escen t  f i e l d  
c o u p le r  u s i n g  s t a n d a r d  s i n g l e  mode f i b r e .  C o u p l in g  t o  s u b s t r a t e s  
h av ing  a  w id e  r a n g e  o f  r e f r a c t i v e  i n d i c e s  h a s  b een  d e m o n s t r a t e d .  A 
f i b r e - f i l m - f i b r e  l o s s  o f  2dB h a s  been  r e p o r te d ^ ®  a t  t h e  w a v e le n g th s
1 .36  a n d  1 .5 4  m i c r o n s .  T h e s e  a r e  o f  p a r t i c u l a r  i n t e r e s t  f o r  
te leco m m u n ic a tio n s  b e c a u s e  t h e y  c o r r e s p o n d  t o  t h e  r e g i o n s  o f  minimum 
l o s s  and d i s p e r s io n  i n  o p t i c a l  f i b r e s .
1 .2 .2  The ta p e re d  V-groove c o u p le r  (TVC)
T h is  t h e s i s  i s  concerned  w i th  th e  TVC. A d e t a i l e d  d e s c r i p t i o n  o f  the  
f a b r i c a t i o n  o f  t h e  TVC i s  g i v e n  i n  c h a p t e r  4. The c o u p l e r  c o n s i s t s  o f  
a  s i l i c a  b lock  w i th  a  groove cu t  a t  a  sh a llo w  a n g le ,  Gy, i n t o  which the  
f i b r e  i s  bonded  b e f o r e  b e i n g  p o l i s h e d ,  ( f i g u r e  1 .1 ) .  The f i b r e  i s  
p o l i s h e d  th rough  co m p le te ly  and i t s  c r o s s - s e c t i o n  a t  th e  b lock  s u r fa c e  
i s  an e l l i p s e .  Thin f i l m  w aveguides are then  form ed d i r e c t l y  onto  the  
p o l i s h e d  s i l i c a  s u b s t r a t e .  T h i s  a p p r o a c h  g i v e s  r i g i d  and i n t i m a t e  
a l ig n m en t o f  th e  tw o  g u i d e s ,  e s s e n t i a l  f o r  e f f i c i e n t  d i r e c t i o n a l  
c o u p l in g .  O p t i c a l  pow er i s  c o u p le d  i n i t i a l l y ,  i n  t h e  r e g i o n  a d j a c e n t  
t o  t h e  e x p o s e d  c o r e  w h e re  t h e  c l a d d i n g  i s  o n ly  a few  m i c r o n s  t h i c k .  
Power was a l s o  fo u n d  to  c o u p l e  f ro m  t h e  t a p e r e d  c o r e  r e g i o n  (s e e  
c h a p te r  3 and 5). The e x p e r im e n ta l  and t h e o r e t i c a l  ev idence  shows th a t  
t a p e r e d  v e l o c i t y  co u p l in g  o c c u rs ,  e a s in g  th e  s y n c h ro n is a t io n  to l e r a n c e s  
f o r  e f f i c i e n t  coup lin g .  Prism  coup lin g  e x p e r im e n ts  and a  BPM a n a l y s i s  
i n d i c a t e d  t h a t  t h e  m a j o r i t y  o f  pow er was t r a n s f e r r e d  i n  t h e  t a p e r e d  
co re  re g io n .  I t  was no t however p o s s ib le  to  q u a n t i f y  a n a l y t i c a l l y  the 
a s y m p to t ic  e f f ic ie n c y ^ ®  o f  th e  ta p e r  coup lin g .  The co u p le r  e f f i c i e n c y  
was fo u n d  to  be a s t r o n g  f u n c t i o n  o f  w a v e l e n g th  and  i t s  b e h a v i o u r  i s  
d e s c r ib e d  f u r t h e r  i n  s e c t i o n  1.4 .
1 .3  A p p l ic a t io n s  o f  th e  TVC
As d e s c r i b e d  i n  1.4 t h e  TVC h a s  p o t e n t i a l  u s e s  a s  a s e n s o r  o r  
(u s in g  an a c t i v e  f i lm )  a s  a tu n a b le  w aveleng th  f i l t e r .  P rovided t h a t  
th e  s y n c h r o n is m  c o n d i t i o n s  can  be m e t ( c h a p t e r  3) i t  i s  u s e f u l  f o r  
c o u p l in g  to  g u id e s  s u p p o r t in g  modes o f  m arkedly  d i f f e r e n t  f i e l d  shapes 
from t h a t  o f  t h e  f i b r e .  One e x a m p le  o f  i t s  u s e -  c o u p l i n g  to  non­
l i n e a r  f i l m s -  i s  d isc u s se d  below.
1 .3 .1  Coupling to  n o n - l i n e a r  f i lm s
D i e l e c t r i c  m a t e r i a l s  show n o n - l i n e a r  e f f e c t s  when s u b j e c t e d  t o  
v e ry  h ig h  i n t e n s i t y  o p t i c a l  f i e l d s .  I t  i s  c h e a p e r  t o  p ro d u c e  t h e s e  
f i e l d s  by c o n c e n t r a t in g  l i g h t  from a low power (e.g. d iode) l a s e r  than
exposed core/cladding ellipse
ep o x y
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F igu re  1 .1  Schem atic diagram o f  co u p le r  b lock  befo re  
f i lm  f a b r i c a t i o n .
by s im p l y  u s i n g  a h ig h  pow er l a s e r .  By c o n f i n i n g  t h e  l i g h t  i n  a 
waveguide s u i t a b l y  h ig h  I n t e n s i t i e s  can  be o b ta in e d ^ ® .  The pow er 
re q u ire m e n ts  w i l l  c l e a r l y  be e a s e d  f u r t h e r  by c o u p l i n g  t h e  l i g h t  
e f f i c i e n t l y  i n t o  th e  w aveguide. By u s in g  th e  TVC l i g h t  can be coupled 
e f f i c i e n t l y  and i n  a d d i t i o n  t h e  d e v i c e  i s  t h e n  'p a c k a g e d ' ,  r e a d y  f o r  
i n s e r t i o n  i n t o  an o p t i c a l  sy s tem . Another advan tage  o f  th e  TVC i n  t h i s  
c o n te x t  a r i s e s  from th e  t a p e re d  v e l o c i t y  n a tu re  o f  the  c o u p lin g  p rocès .  
The e f f i c i e n c y  o f  t r a n s v e r s e  (p r ism ) co u p lin g  i n t o  a m a t e r i a l  w i th  an 
i n t e n s i t y  d e p e n d e n t  r e f r a c t i v e  i n d e x  h a s  b een  shown t o  be a  s t r o n g  
f u n c t i o n  o f  i n t e n s i t y ^ ^ .  T h is  i s  because the  p ro p ag a t io n  c o n s ta n t  o f  
th e  prism  f i e l d  emd th e  waveguide f i e l d  must be p r e c i s e ly  matched f o r  
optimum pow er t r a n s f e r .  The p r o p a g a t i o n  c o n s t a n t  o f  t h e  n o n - l i n e a r  
waveguide c h a n g e s  w i t h  i n t e n s i t y  and m a tc h in g  c a n n o t  be m a i n t a i n e d  
w ith o u t  m a n u a l ly  a d j u s t i n g  t h e  p r i s m ^ ^ .  The maximum e f f i c i e n c y  
o b ta in e d  by t h i s  t e c h n i q u e  w as an  i n s e r t i o n  l o s s  o f  -20dB . The 
i n t e n s i t y  d e p e n d e n t  m is m a tc h  c o u ld  be m in im is e d  by u s in g  t a p e r e d  
v e l o c i t y  c o u p lin g  from a  TVC.
Another r e l a t e d  exam ple o f  a  n o n - l i n e a r  o p t i c s  a p p l i c a t i o n  i s  t h a t  
o f  second harm onic g e n e r a t io n  o r  f requency  doubling .
Frequency d o u b l i n g  h a s  b e e n  o b s e r v e d  u s in g  a t h i n  ( 4 .8 - 6 . 5jim) 
s i n g l e  c r y s t a l  o rg a n ic  w aveguide grown betw een two s i l i c a  s u b s t r a t e s ^  . 
I f  su ch  a c r y s t a l  w e re  g ro w n  b e tw e e n  tw o TVC c o u p l e r s  i t  w ou ld  
c o n s t i t u t e  a  packaged l o w - i n s e r t i o n  l o s s  frequency  d o u b le r .
1 .3 .2  F u r th e r  a p p l i c a t i o n s .
Other a p p l i c a t i o n s  f o r  d e v ic e s  such as th e  TVC a re  i n  th e  a r e a s  o f  
l o c a l  a r e a  n e tw o r k s ^ ^  and  o f  o p t i c a l  i n t e r c o n n e c t s ^ ^ .  B o th  a r e a s  
r e q u i r e  a  l o w - c o s t ,  e f f i c i e n t ,  f i b r e - w a v e g u i d e  c o n n e c t i o n  b e f o r e  
i n t e g r a t e d  o p t i c s  can be c o m p e t i t iv e  w i th  e l e c t r o n i c s  f o r  in f o r m a t io n  
p ro c e s s in g .  I n  b o th  a r e a s ,  l i g h t  f ro m  a s i n g l e  l a s e r  i s  o f t e n  s p l i t  
between a  num ber o f  c h a n n e l s ,  t h i s  num ber b e in g  d e t e r m i n e d  by th e  
lau n ch  p o w er ,  t h e  s y s te m  l o s s e s  and  th e  d e t e c t o r  s e n s i t i v i t y .  By 
re d u c in g  s y s te m  l o s s e s  (e .g .  i n s e r t i o n  l o s s )  h i g h e r  s p l i t t i n g  l e v e l s  
can be ach iev ed ,  r e d u c in g  c o s t s .
1 .4  T h e o r e t ic a l  and e x p e r im e n ta l  r e s u l t s
1 .4 .1  Coupling to  p la n a r  f i lm s ;  th e o ry
E vanescen t f i e l d  co u p l in g  between a c y l i n d r i c a l  f i b r e  and a  p la n a r  
f i l m  i s  an i n t e r e s t i n g  t h e o r e t i c a l  problem . The modes o f  the  f i l m  form 
a c o n t in u u m  (o r  'm o d e - s i n k ' )  and  i t  i s  n e c e s s a r y  t o  c o n s i d e r  c o u p l in g  
from th e  f i b r e  mode to  each  f i lm  mode. Coupling p rob lem s a re  no rm ally  
t r e a t e d  by c o u p le d  mode t h e o r y  (CMT) w h ic h  w as d e v e lo p e d  t o  d e s c r i b e  
c o u p l in g  betw een two s ing le -m ode  g u id e s^ ^ ,  and i s  d is c u s s e d  to g e th e r  
w ith  m ode -s ink ing  i n  c h a p te r  3. In  c h a p te r s  3 and 5 th e  p u b lish e d  work 
on t h i s  s u b j e c t  i s  d i s c u s s e d  . B a s e d  on CMT i t  h a s  i n h e r e n t  
l i m i t a t i o n s  f o r  d e s c r i b i n g  t h i s  p ro b le m  and t h e s e  a r e  a l s o  d i s c u s s e d .  
An im proved model o f  th e  coupled guide  b ehav iou r  i s  proposed i n  c h a p te r  
5 f o r  'w e a k l y  c o u p l e d ' ^ ^  g u i d e s .  The r e s u l t s  o f  n u m e r i c a l  
c a l c u l a t i o n s ,  f o r  ' s t r o n g l y  c o u p l e d '^ ^  g u i d e s ,  b a s e d  on th e  beam 
p ro p a g a t io n  m ethod^^*^®  a r e  a l s o  g iv e n .  The t h e o r e t i c a l  w a v e le n g th  
dependence o f  th e  c o u p le r  i s  p r e d ic te d  and compared w i th  e x p e r im e n ta l  
r e s u l t s .
1 .4 .2  Coupling to  p la n a r  f i lm s :  experim en t
In  c h a p t e r  5 t h e  e x p e r i m e n t a l  a r r a n g e m e n t  u s e d  t o  i n v e s t i g a t e  
f i b r e - f i l m - f i b r e  c o u p l i n g  i s  d e s c r i b e d .  TVC's w e re  u s e d  w i t h  p l a n a r  
o i l  f i l m s  o f  known in d e x .  The d i s p e r s i o n  d ia g ra m  o f  t h e  tw o g u i d e s ,  
f i b r e  and f i l m  i s  c a l c u l a t e d  i n  te rm s  o f  p ro p a g a t io n  c o n s ta n t  agcdnst 
w aveleng th . From t h i s  i t  i s  s e e n  t h a t  s y n c h r o n i s a t i o n  and h en ce  
e f f i c i e n t  power t r a n s f e r  can only  be ach iev ed  a t  p a r t i c u l a r  w ave leng ths  
( f o r  a  g iv e n  f i l m  th i c k n e s s )  and p a r t i c u l a r  f i l m  th ic k n e s s  ( a t  a g iven  
w av e le n g th ) .  S y n c h ro n is a t io n  was ach ieved  by u s in g  a m u lt iw av e len g th  
so u rce  and an o p t i c a l  spec trum  a n a ly se r .  Loss was measured by a c u t ­
back t e c h n i q u e  g i v i n g  a  d i r e c t  m e a su re m e n t  o f  t o t a l  i n s e r t i o n  l o s s .  
E xperim en ta l r e s u l t s  o f  mode s i n k i n g  a r e  g i v e n ,  b o th  m u l t i w a v e l e n g t h  
u s in g  o i l  f i l m s  and s i n g l e  w avelength u s in g  a  f l i p - c h i p ^ ^ .  A f l i p - c h i p  
i s  a  s u b s t r a t e  b lock  on which i n t e g r a t e d  o p t i c a l  componentry has  been 
formed and which i s  connec ted  to  a second o p t i c a l  c i r c u i t  by p h y s ic a l ly  
clamping th e  two to g e th e r .  The d im ensions  o f  the  two o p t i c a l  c i r c u i t s  
a r e  n o r m a l l y  t a i l o r e d  t o  e a c h  o t h e r  and c o u p l i n g  b e tw e e n  them  may be 
e n d - f i r e ,  e v a n e s c e n t  o r  b o th .
The c o m b - f i l t e r  c h a r a c t e r i s t i c  o f  t h e  co u p le r  ( in  w avelength  te rm s) 
was fo u n d  t o  h av e  tw o  r e g i m e s .  For t h i n  f i l m s  o f  low  mode o r d e r  th e  
p ass  bands were r e l a t i v e l y  broad ( in  te rm s  o f  FWHM), t y p i c a l l y  lOOnm. 
These were s u i t a b l e  f o r  e n v iro n m e n ta l ly  i n s e n s i t i v e  coup lin g  to  a f i l m  
where p r o c e s s i n g  o c c u r s  i n  t h e  f i lm .  For t h i c k  f i l m s  o f  h ig h  mode
o r d e r  th e  passbands w ere r e l a t i v e l y  narrow , t y p i c a l l y  lOnm. These were 
s u i t a b l e  f o r  e n v i ro n m e n ta l ly  s e n s i t i v e  c o u p l in g  where p ro c e ss in g  o c c u rs  
a t  th e  i n t e r f a c e  i . e .  where w aveleng th  s e l e c t i o n  i s  perform ed, by th e  
cou p ler  e.g. i n  sen so r  a p p l i c a t i o n s .  A sharp  c u t  f i l t e r  was a l s o  made 
u s in g  t h e  same e x p e r i m e n t a l  a r r a n g e m e n t .  The t r a n s m i s s i o n  o f  t h e  
c o u p le r  c h a n g e d  by 17dB o v e r  a Inm r a n g e  a t  1.32jim, w i th  an i n s e r t i o n  
l o s s  o f  o n l y  2dB.
1 .4 .3  Coupling to  r ib -w av eg u id es
The f a b r i c a t i o n  o f  r i b  w a v e g u id e s  d i r e c t l y  o n to  t h e  TVC and on 
f l i p  c h i p s  i s  d e s c r i b e d  i n  c h a p t e r  6. A d i p - c o a t i n g  te c h n iq u e ^ ®  w as 
u sed  t o  fo rm  p o ly m e r  f i l m s  d i r e c t l y  o n to  TVC b lo c k .  T hese  w e re  
p a t t e r n e d  and e tch ed  to  form r ib -w a v e g u id e s .  R ib-w aveguides were a l s o  
e tc h e d  on  f l i p - c h i p s  a n d  f l i p - c h i p  c o u p l i n g  w as  i n v e s t i g a t e d .  
C oupling  t o  c h a n n e l  w a v e g u id e s  su ch  a s  t h o s e  f a b r i c a t e d  on p o ly m e r  
f i l m s  by Bennion and co -w orke rs^^  i s  s i m i l a r  i n  p r i n c i p l e  and was no t 
i n v e s t i g a t e d .
C hap te r  7 c o n t a i n s  a b r i e f  sum m ary o f  t h i s  w ork  and t h e  c o n c l u s i o n s  
drawn f ro m  i t .  A n o v e l  m e thod  o f  p e r f o r m i n g  w a v e le n g th  d i v i s i o n  
m u l t ip l e x in g  i s  d e s c r ib e d .
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C h a p te r2 . The S l a b  a n d  f i b r e  G u i d e s  i n  I s o l a t i o n
2 .1  I n t r o d u c t io n
In  o r d e r  t o  u n d e r s t a n d  c o u p l in g  f ro m  a t h i n - f i l m  w a v e g u id e  t o  a 
s i n g l e  mode f i b r e  i t  i s  n e c e s s a r y  t o  e x a m in e  th e  b e h a v i o u r  o f  t h e  
w aveguides i n  i s o l a t i o n .  The d i e l e c t r i c  t h i n  f i l m  o r  s l a b  w a v e g u id e  
( f i g u r e  2 .1 a )  i s  t h e  s i m p l e s t  fo rm  o f  o p t i c a l  w a v e g u id e .  I t  c o n s i s t s  
o f  a  h ig h  in d e x  g u i d i n g  r e g i o n  o f  t h i c k n e s s  t  and  i n d e x  n^ , o f  
i n f i n i t e  e x t e n t  i n  t h e  x and  z d i r e c t i o n s .  I t  i s  bounded by tw o 
c la d d in g  r e g io n s  o f  low er  r e f r a c t i v e  in d ex  known a s  th e  s u p e rs t r a t e  and 
s u b s t r a t e  w h ic h  a r e  i n  g e n e r a l  d i f f e r e n t .  L i g h t  i s  c o n f in e d  by th e  
c l  a d d in g /g u id in g  l a y e r  b o u n d a ry  and t h e  s l a b  t h e r e f o r e  p r o v i d e s  
gu idance  i n  one d im ension .
The s i m p l e s t  fo rm  o f  f i b r e  g u id e  c o n s i s t s  o f  a  d i e l e c t r i c  ro d  
su rrounded  by a c l a d d i n g  r e g i o n  o f  lo w e r  r e f r a c t i v e  i n d e x .  L i g h t  i s  
co n f in e d  by th e  c o re /c la d d in g  boundary and th e  f i b r e  t h e r e f o r e  p ro v id es  
g u idance  i n  two d im ensions .  For both g u id e s  th e  c la d d in g  i s  i n  th e o ry  
o f  i n f i n i t e  e x t e n t  but i n  p r a c t i c e  a  th ic k n e s s  o f  a few te n s  o f  m icrons 
i s  n o rm a l ly  s u f f i c i e n t  t o  i s o l a t e  the  h igh  in d e x  re g io n .
In  t h i s  c h a p te r  th e  th e o ry  o f  th e  s la b  g u id e  i s  d is c u s s e d  i n  te rm s  
o f  t h e  mode e f f e c t i v e  i n d e x .  The f i b r e  t h e o r y  i s  t r e a t e d  i n  more 
d e t a i l  beg in n in g  w i th  th e  weakly g u id in g  a p p ro x im a tio n  and le a d in g  to  
th e  c o n c e p t  o f  an  e q u i v a l e n t  s t e p  i n d e x  f i b r e .  The t e c h n i q u e  i s  
d e s c r ib e d  by which the  p a ra m e te rs  o f  th e  f i b r e  used i n  e x p e r im e n ts  were 
o b ta in e d .  An a p p r o x i m a t e  e x p r e s s i o n  f o r  t h e  e f f e c t i v e  in d e x  o f  t h e  
f i b r e  a t  any  w a v e le n g th  i n  t h e  e x p e r i m e n t a l  r a n g e  i s  g iv e n .  F i n a l l y  
th e  G aussian  ap p ro x im a tio n  t o  the  f i b r e  mode i s  d is c u s s e d .
2 .2  S lab  waveguide
The s l a b  w a v e g u id e  h a s  been  e x t e n s i v e l y  a n a l y s e d  and  i t s
beh av io u r  i s  w e l l  unders tood . The modes o f  the  s la b  gu ide  can be found 
by s o l v i n g  M axw ell^ s  e q u a t i o n s  u s i n g  t h e  a p p r o p r i a t e  b o u n d a ry  
c o n d i t io n s .  T h e re  i s  a  f i n i t e  s e t  o f  g u id e d  wave s o l u t i o n s  (g u id e d  
modes) and a  continuum o f  r a d i a t i o n  s o lu t i o n s  ( r a d i a t i o n  modes). The 
modes a re  f u r t h e r  subd iv ided  by p o l a r i z a t i o n  i n t o  t r a n s v e r s e  e l e c t r i c  
(TE) w i t h  Eg = 0 and t r a n s v e r s e  m a g n e t i c  (TM) w i t h  Hg = 0 .  E, H 
r e p r e s e n t  t h e  e l e c t r i c  a n d  m a g n e t i c  f i e l d s  r e s p e c t i v e l y ,  w i t h  
p ro p a g a t io n  i n  th e  z - d i r e c t i o n .  The m^^ TE (TM) gu ided  wave s o lu t i o n .
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n ^ -s u p e r s t r a t e  index
n -g u id e  in d e x
n „ - s u b s t r a t e  in d ex
X
t
ng<Hg>na
U g-c ladd ing  in d e x
n ^ c o r e  in d ex
F ig u re  2 .1a)  Geometry o f  s t e p - in d e x ,  s l a b  w aveguide.
b) Geometry o f  s t e p - in d e x ,  f i b r e  waveguide,
( i . e .  t h e  TE (TM) mode) d e s i g n a t e d  TE^  ^ (TM^) h a s  p r o p a g a t i o n
c o n s ta n t  k g^E  (%*?%). F o r  a p a r t i c u l a r  p o l a r i s a t i o n  th e  n o r m a l i s e d  
p ro p a g a t io n  c o n s ta n t  i s  g iv en  by;
"e =kg/kQ 2 .1
where k^ = I h/Xq = the  wave number 2 .2
Xq = th e  f r e e  space w avelength  
and ng = th e  e f f e c t i v e  in d e x .
For a  s l a b  g u id e  w ith  n^ > ng 2  Ug th e  gu ided  modes a r e  c o n s t r a in e d  to  
have an  e f f e c t i v e  in d e x  i n  th e  range ng > n^ > ng. Working in  te rm s  o f  
th e  e f f e c t i v e  in d e x  l e a d s  to  an i n t u i t i v e  u n d e rs ta n d in g  o f  how s t ro n g ly  
a  mode i s  g u id e d .  An e f f e c t i v e  in d e x  c l o s e  t o  Cg i n d i c a t e s  t h a t  m o s t  
o f  t h e  g u id e d  pow er t r a v e l s  i n  th e  h ig h  i n d e x  r e g i o n .  An e f f e c t i v e  
in d e x  ng=ng i n d i c a t e s  t h a t  th e  o p t i c a l  pow er i s  e n t i r e l y  i n  t h e  
c la d d in g  and  t h e  mode i s  s a i d  t o  be " c u t - o f f " .  A c o n t in u u m  o f  
r a d i a t i o n  m odes e x i s t s  i n  th e  c l a d d in g  w i t h  a r a n g e  o f  e f f e c t i v e  
i n d i c e s  b e tw e e n  0 and  ng.
In  f i g u r e  2.2 t h e  f u n d a m e n ta l  TE and TM m odes o f  a f i l m  o f  in d e x  
1 .5 9 ,  s u b s t r a t e  i n d e x  1 .4575 w i t h  an  a i r  s u p e r s t r a t e  a r e  shown f o r  a 
ran g e  o f  f i l m  t h i c k n e s s e s .  As t h e  t h i c k n e s s  i n c r e a s e s  t h e  e f f e c t i v e  
in d e x  te n d s  to w ard s  th e  bulk  f i lm  index  and a s  th i c k n e s s  i s  dec reased  
th e  mode te n d s  tow ards  th e  s u b s t r a t e  index  where i t  i s  c u t - o f f .
2 . 2 .1  C h a r a c t e r i s t i c  eq u a t io n  o f  f i lm  modes.
I f  th e  s u b s t r a t e  and super  s t r a t e  i n d i c e s  a r e  d i s s i m i l a r  th e  gu ide  
i s  s a i d  t o  be a s y m m e t r i c  w h i l e  i f  th e y  a r e  i d e n t i c a l  i t  i s  s a i d  t o  be 
symmetric. The c h a r a c t e r i s t i c  eq u a t io n  fo r  an asym m etr ic  s la b  i s ;
k ^ t (Ug-Ue) ^ ^^ =tan  ^ 1/2 +mn 2.3
where F = (C g/ng)^  and G = (ng /n^ )^  f o r  TM modes
F = 1 and G = 1 f o r  TE modes.
I n  th e  m a jo r i t y  o f  ex p e r im e n ts  sy m m etr ica l ,  s i l i c a - c l a d  w aveguides were 
used f o r  w hich 2.3 may be s l i g h t l y  s i m p l i f i e d ,  becoming;
k ^ t  (U g-n | ) ^=2tan”  ^(F (n g -n |)  /  ( Ug-n | ) ) ^+m7i 2 .4
and (n | - n | ) / ( n ^ -n | )= H 2.5
i s  a  m easure o f  th e  s t r e n g th  o f  guidance.
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F ig u re  2.2 E f f e c t i v e  in d ex  o f  th e  TE^ and TM^ n odes  o f  a f i l m  o f  index  
1 .590  on a s i l i c a  s u b s t r a t e  (index  1.4575) a t  a w aveleng th  o f  633nm fo r  
a  ran g e  o f  f i l m  th i c k n e s s e s .
2 . 2 .2  S lab  modes near c u t - o f f
I f  H i s  s m a l l  i . e .  i f  ( n | - n | )  »  ( n | - n | )  t h e  mode i s  n e a r  c u t - o f f  
and f o r  a  s u f f i c i e n t l y  h igh o rd e r  mode (mjt o);
mn > > 2 tan~ l(F H )l/2  2 .6
I n  t h i s  c a se  th e  c h a r a c t e r i s t i c  e q u a t io n  may be g r e a t l y  s im p l i f i e d  and 
w r i t t e n  a s ;
m = 2 t/X Q (n |-n |)^ /^  2 .7
A n a l y t i c a l l y  i t  i s  c o n v e n i e n t  t o  w ork  i n  t h i s  r e g im e  s i n c e  2.7 i s  an  
a l g e b r a i c  e q u a t io n  w h ile  2.4 i s  a  t r a n s c e n d e n ta l  e q u a t io n .
2 .2 .3  Mode f i e l d  shape
In  t h e  s l a b  g u id e  o f  f i g u r e  2 .1 a ,  a mode p r o p a g a t i n g  i n  t h e  z -  
d i r e c t i o n  h a s  no v a r i a t i o n  i n  t h e  y - d i r e c t i o n ,  i . e .  3 / d y  = 0. The 
phase  f r o n t s  o f  th e  mode l i e  i n  th e  x -y  p la n e  and ex ten d  to  i n f i n i t y  i n  
th e  y - d i r e c t i o n .  The e l e c t r i c  f i e l d  (o f  a  TE mode) i n  th e  y - d i r e c t i o n  
i s  g iv e n  by
Ey = E^expI-k^C ng-n l)^^^  ( x - t ) ]  x> t 2 .8
Ey = E gC O s[ko(ng-ng)l/2  x - t a n ” ^(H^^^)] 0<x<t 2 .9
Ey = E g e x p [k o (n g -n g ) l /2  %] ^<0 2 .1 0
Eq i s  th e  f i e l d  a t  the  f i l m - c la d d in g  i n t e r f a c e  and Eg i s  the  peak f i e l d  
i n  th e  gu ide . Higher o rd e r  modes have more f i e l d  tu rn in g  p o in t s  which 
a f f e c t s  c o u p l i n g  t o  o t h e r  f i e l d s  i n  t e r m s  o f  t h e  f i e l d  o v e r l a p ,  
d is c u s s e d  i n  s e c t io n  3.4.2. The f i e l d  i n  th e  r e g io n s  x>t and x<0 decays 
w ith  d i s t a n c e  f rom  th e  g u i d i n g  r e g i o n  and i s  s a i d  t o  be e v a n e s c e n t .  
The e x t e n t  o f  t h e  e v a n e s c e n t  f i e l d  i s  g r e a t e r  a s  n^ becom es c l o s e r  t o  
Cg and  a s  w a v e le n g th  i n c r e a s e s .  T h i s  r e s u l t  a l s o  a p p l i e s  t o  f i b r e  
g u id e s .
2 .2 .4  Mode s in k in g
As th e  th ic k n e s s  o f  a  f i l m  gu ide  in c r e a s e s  th e  number o f  TE o r  TM 
modes, N, i t  can support (each w ith  a d i f f e r e n t  e f f e c t i v e  index  v a lu e )  
in c r e a s e s  a c c o rd in g  to  the  fo l lo w in g  r e l a t i o n ;
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N = (n2-n2 )l/2  (from 2 .7 )  2 .11
At a  s i n g l e  w ave leng th  th e  mode e f f e c t i v e  i n d i c e s  l i e  i n  th e  range ;
As t h e  o p t i c a l  t h i c k n e s s  o f  t h e  f i l m  i s  i n c r e a s e d  ( i . e .  t h i c k n e s s  i s  
in c r e a s e d  o r  w a v e le n g th  i s  d e c r e a s e d )  t h e  mode d e n s i t y  w i t h i n  t h i s  
ran g e  i s  p r o p o r t i o n a t e l y  i n c r e a s e d .  I n  an  e x t r e m e l y  t h i c k  f i l m  ( i . e .  
lOOO's o f  w a v e l e n g t h s  t h i c k )  t h e  mode d e n s i t y  i s  so h ig h  t h a t  i t  i s  
e f f e c t i v e l y  c o n t in u o u s .  T h i s  mode-continuum i s  known a s  a mode s in k .
2 .3  F ib re  waveguide
2 .3 .1  Weakly g u id in g  s te p  index  f i b r e s
The c l a d  d i e l e c t r i c  ro d  ( f i g u r e  2 .1b) o r  s t e p - i n d e x  f i b r e  h a s  an  
e x a c t  a n a l y t i c a l  s o l u t i o n ^ .  T h i s  s o l u t i o n  i s  m a t h e m a t i c a l l y  more 
in v o lv e d  th a n  the  s l a b  waveguide a n a l y s i s  s in c e  i t  i s  s t a t e d  i n  te rm s  
o f  c i r c u l a r  f u n c t i o n s  and t h e  modes a r e  s o l u t i o n s  o f  t h e  v e c t o r  wave 
e q u a t io n .  H o w e v e r  u l t r a  l o w - l o s s *  s i n g l e  m ode f i b r e s  f o r  
te lecom m unica tions  h a v e  a  g r a d e d  in d e x  p r o f i l e  and  h a v e  a  v e r y  s m a l l  
in d ex  d i f f e r e n c e  A, b e tw e e n  t h e  p eak  in d e x  i n  t h e  c e n t r a l  c o r e  r e g i o n  
and t h e  s i l i c a  c l a d d i n g  r e g i o n .  Such f i b r e s  a r e  s a i d  t o  be " w e a k l y  
g u i d i n g "  and t h e i r  a n a l y s i s  i s  c o n s id e ra b ly  s i m p l i f i e d  by the  "w eak ly  
g u id in g  a p p r o x i m a t i o n "  o f  G logeT. T h is  show s t h a t  t h e  l o n g i t u d i n a l  
f i e l d  c o m p o n e n ts  Hg o f  a s t e p  in d e x  f i b r e  w i t h  a  s m a l l  in d e x
d i f f e r e n c e  A a r e  sm a l l  compared w i th  th e  t r a n s v e r s e  components and may 
be n e g le c te d .  The modes then  s a t i s f y  the  s c a l a r  wave e q u a t io n  and a re  
l i n e a r l y  p o l a r i s e d .  The f u n d a m e n ta l  mode ( o r  HE^i) c a n  be
d e s c r ib e d  w i th  an e r r o r  o f  <2% byT;
u(V) = ( l+ V 2 )V /( l+ (4 + v 4 ) l /4  ] 2 .11
where u = a g k Q ( n Q - n | ) 2. 12
w = ag k Q (n 2 -n 2 ) l /2  2 .13
V = u^+w^ = ag k o (nQ -ng )l /2  2 .1 4
The f i b r e  s u p p o r ts  only  th e  LPq^^ mode p rov ided  t h a t  V<2.405.
Very few graded  index  p ro f i le s®  a r e  amenable to  e x a c t  a n a l y s i s  and 
a  sm oothly  v a ry in g  p r o f i l e  i s  a lm o s t  im p o s s ib le  to  m anufac tu re  due to  
e v a p o ra t io n  and  com p o s i t i o n a l l y  d e p e n d e n t  l a y e r i n g  e f f e c t s  i n  t h e  
f a b r i c a t i o n  p ro cess* .  Monomode graded  f i b r e s  a r e  th e r e f o r e  t r e a t e d  
by a p p r o x i m a t e  and  n u m e r i c a l  m e th o d s .  Very a c c u r a t e  s o l u t i o n s  h av e  
been o b ta in e d  by v a r i a t i o n a l  techniques^®  the  beam p ro p a g a t io n  m ethod^! 
and o t h e r s ^ ^ ' l ® .  F o r  t h e  a n a l y s i s  o f  f i b r e - f i l m  c o u p l i n g  p r e s e n t e d
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h e re  i t  h a s  been  s u f f i c i e n t  t o  u se  an  a p p r o x i m a t e  t e c h n i q u e  known a s  
th e  'e q u iv a le n t  s te p  in d e x '  method.
2 .3 .2  The eq u iv ad en t s te p  in d ex  f i b r e
This  m odel i s  b a s e d  on th e  o b s e r v a t i o n  t h a t  t h e  f i e l d s  o f  an  
HEjj mode o f  a  g r a d e d  f i b r e  a r e  v e r y  s i m i l a r  t o  t h e  f i e l d s  o f  an  HE^i 
mode on some s t e p  p r o f i l e ^ ^ .  S i m i l a r i t y  c a n  be e x p e c t e d  o n ly  f o r  a 
co re  p r o f i l e  m o n o to n ica l ly  d e c re a s in g  w i th  r a d iu s ,  which i s  c i r c u l a r l y  
symmetric. R e la ted  app roaches  have been used to  a n a ly se  non-monotonic 
f u n c t io n s  su ch  a s  d e p r e s s e d  c l a d d i n g  f i b r e s ^ ^ .  The a c c u r a c y  o f  t h e  
method i s  h ig h e s t  f o r  p r o f i l e s  which c l o s e l y  ap p ro x im a te  the  s te p  index  
p r o f i l e ,  so c a l l e d  q u a s i - s t e p  index  p r o f i l e s .  A s c h e m a tic  diagram of 
th e  a c t u a l  and ESI p r o f i l e s  o f  th e  f i b r e  used i n  th e  m a jo r i t y  o f  th e se  
ex p e r im en ts  i s  shown i n  f i g u r e  2 .3 .  The f i b r e ,  BTRL Type B 9419 i s  
d e s ig n ed  t o  h av e  an  ESI c o r e  r a d i u s  ag=4|im and an  e q u i v a l e n t  in d e x  
d i f f e r e n c e  Ag = 0 .004 .
The a c t u a l  p r o f i l e  has a c e n t r a l  d ip  formed a s  th e  f i b r e  preform  i s  
c o l la p s e d .  The c e n t r a l  d ip  a f f e c t s  t h e  f i b r e  d i s p e r s i o n  and i s  
im p o r ta n t  i n  t h e  s tu d y  o f  p ic o s e c o n d  p u l s e  b r o a d e n i n g  f o r  w h ich  v e ry  
a c c u r a te  d i s p e r s io n  d a ta  a re  r e q u i r e d  and f o r  which th e  ESI method i s  
i n s u f f i c i e n t .  T h e re  i s  an  e r r o r  i n  u s i n g  t h e  ESI a p p r o x i m a t i o n  f o r  
f i b r e - f i l m  c o u p l i n g  c a l c u l a t i o n s  b u t  i t  i s  a c c e p t a b l e  s i n c e  th e  
c a l c u l a t e d  d i s p e r s i o n  i s  i n  s u f f i c i e n t  a g r e e m e n t  t o  e x p l a i n  t h e  
e x p e r im e n ta l  r e s u l t s  ( i n  c h a p t e r  5).
Only tw o  p a r a m e t e r s  a r e  r e q u i r e d  t o  s p e c i f y  a s t e p - i n d e x  f i b r e .  
S u i t a b l e  p a ra m e te rs  in c lu d e  w^. Where Xqq i s  th e  w avelength  above
which t h e  L P i i  mode d o e s  n o t  p r o p a g a t e  ( i . e .  i s  c u t  o f f )  and  th e  f i b r e  
i s  s i n g l e  moded, and w^ i s  th e  mode sp o t  s iz e ^ * .  An a l t e r n a t i v e  i s  to  
measure t h e  a c t u a l  p r o f i l e  by a  n e a r ^ ?  o r  fa r^ ®  f i e l d  t e c h n i q u e  and 
c a l c u l a t e  t h e  ESI p r o f i l e .  A num ber o f  t e c h n i q u e s  a im e d  a t  d i f f e r e n t  
p a ra m e te rs  h ave  b een  d e v e lo p e d  i n c l u d i n g  one w h ic h  i s  w a v e le n g th  
i n s e n s i t i v e ^ *  and a n o th e r  f o r  p r e d i c t i o n  o f  waveguide d ispers ion^® .
2 .3 .3  ESI measurement o f  e x p e r im e n ta l  f i b r e
In  t h e  a n a l y s i s  o f  f i b r e - f i l m  c o u p l i n g  i t  w as fo u n d  t h a t  th e  
te ch n iq u e  d e s c r i b e d  i n  r e f .  16 g av e  an  ESI p r o f i l e  o f  s u f f i c i e n t  
accu racy .  I t  i s  shown t h a t  th e  w id th  a ^ ,  and  in d e x  d i f f e r e n c e  Ag o f  
th e  ESI p r o f i l e  can  be found  by m e a s u r in g  th e  v a r i a t i o n  o f  th e  mode
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0  006 r\
a)
25^m
Ag* 0-004
b>
0  •
8« = 4*1Lm
F ig u re  2.3 S chem atic  d iagram  o f  a c t u a l  and ESI p r o f i l e s  o f  type  B, 
s i n g l e  mode f i b r e .  The c e n t r a l  in d e x  d e p r e s s i o n  o c c u r s  i n  th e  HCVD 
p ro c e s s  due to  GeO^ e v a p o ra t io n  a s  th e  preform  i s  c o l la p s e d .
s p o t  s i z e  Wg ( a t  1 / e  i n t e n s i t y )  a ro u n d  t h e  c u t - o f f  w a v e le n g th .  From 
e q u a t io n  2 .14 we h a v e ,  a t  c u t - o f f ,
V ■= Vgo “  2 403 ' >•=>•00
(n 2 -n |) l /2 = X o o V o o /(a s2 n )  = 0.38277 2 .15
(ng-n2)> /2=  N um erical A p e r tu re ,  HAg. 2 .1 6
From t h e  v a r i a t i o n  o f  t h e  mode s p o t  s i z e  Wg a ro u n d  i t  i s  shown 
t h a t ;
ag  = 1 .0737(2 .1757  WggQ-1.45047XQQ dWg/dXI ) 2 .17
l^=^co
where Wg^^ i s  t h e  mode s p o t  s i z e  a t  th e  c u t  o f f  w a v e l e n g th .  The 
e x p e r im e n ta l  f i b r e  was m easured and th e  f i e l d  w id th  a g a in s t  w avelength  
i s  shown i n  f i g u r e  2 .4 .  I  am g r a t e f u l  t o  G.C. W arnes  o f  BTRL f o r  
perfo rm ing  t h e  m e a s u r e m e n t .  The p o i n t  o f  m e a s u r e m e n t  i s  t h e  
i n t e r s e c t i o n  o f  t h e  tw o  a s y m p t o t e s .  The d a t a  p o i n t s  w e re  p r o c e s s e d  
a f t e r  manual e s t i m a t io n  o f  th e  asym pto te  d i r e c t i o n s  g iv in g  c a l c u l a t e d  
p a ram e te rs  o f ;
Sg — 4.06pm 2 .1 8
Ag = 0.0044 2 .19
NAg = 0.1131 2 .20
2 . 3 .4  Use o f  th e  ESI p a ra m e te r s
The ESI p a ra m e te rs  a r e  conven ien t  because the  e f f e c t i v e  index  o f  
th e  HE^i mode can be o b ta in e d  a t  any w aveleng th  w i th in  the  e x p e r im e n ta l  
range .  I t  i s  assumed t h a t  th e  n u m e rica l  a p e r tu r e  o f  th e  f i b r e  rem a in s  
c o n s ta n t  o v e r  t h i s  r a n g e .  I t  w as shown by Wood and F le m in g ^ ^  who 
measured t h e  d i s p e r s i o n  o f  b u lk  s a m p le s  o f  p u re  and G e-doped  s i l i c a  
g l a s s  t h a t  th e  index  d i f f e r e n c e  betw een them rem ained c o n s ta n t .
W ri t in g  NAg = (n 2- n | ) > ' '2=((g^+4 ) 2_g2 ) l /2  2 .21
N A g  a t  ( 2 A ) l / 2 ( n g ) > / 2  2 . 2 2
The v a r i a t i o n  o f  (n )>^2  o v e r  t h e  w a v e le n g th  r a n g e  1.1 t o  l.Ciut i s  
a p p ro x im a te ly  0 . 2% l e a d i n g  t o  th e  a s s u m p t i o n  o f  c o n s t a n t  n u m e r i c a l  
a p e r t u r e .
R e tu rn in g  t o  2.14 we can  s a y ;
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l / e  f i e l d w i d th  (jun)
B.5 .
&5.
4.5 .
1.2
W avelength (jim)
F ib re  BTRL 9419-B 
Xco=1 . 2 jin
*800=4"32PK
F ig u re  2 .4 P l o t  o f  l / e  f i e l d w i d t h  a g a i n s t  w a v e le n g th  o f  s i n g l e  mode 
f i b r e  to  de te rm ine  ESI p a ra m e te rs .
V = k^agNAg o r  VXq = ZnagNAg 2 .24
T h e re fo re  knowing we can s p e c ify  V a t  a p a r t i c u l a r  w avelength .
Also knowing th e  d i s p e r s io n  o f  s i l i c a ^ ^  and th e  index  d i f f e r e n c e  we 
can s p e c i f y  n^ , Pg a t  e a c h  w a v e le n g th .  We d e t e r m i n e  n^CX) t h e  f i b r e  
e f f e c t i v e  index  a s  f o l lo w s .
n |(X )  = ng(X) -  (uX /ag2n)^ R earrang ing  2 .12
n | ( x )  = n%(X) -  ( ( l+ /2 )V X /( l+ (4 + v 4 ) l /4  )!2na.^)^ Using 2.11
n |(X )  -  n2(X )- (n V 2 )V o o io o /(2 n ag )  2 .25
(l+ (4+(V goX go/X )4)l/4)
E qua tion  2.25 i s  th e  c h a r a c t e r i s t i c  e q u a t io n  o f  th e  f i b r e .
Thus we a r e  a b l e  t o  s p e c i f y  th e  e f f e c t i v e  in d e x  o f  t h e  f i b r e  u s in g  
an  ESI t e c h n i q u e  and  a  k n o w led g e  o f  th e  g l a s s  d i s p e r s i o n .  T h is  
te c h n iq u e  i s  s u f f i c i e n t l y  a c c u ra te  to  e x p la in  th e  f i b r e - f i l m  coupling  
b eh av io u r .  I t  a l s o  h a s  t h e  a d v a n ta g e  o f  b e in g  r e l a t i v e l y  s im p l e  t o  
com pute.
2 .3 .5  The G aussian  app ro x im a tio n
The f i e l d  o f  t h e  HE^^ mode o f  a s t e p  in d e x  f i b r e  i s  d e s c r i b e d  by 
th e  B e s s e l ^ ^  f u n c t i o n  J ^ t u r / a )  i n  th e  c o r e  and  d e c a y s  a s  t h e  m o d i f i e d  
Hankel f u n c t i o n  K^Cw r/a) i n  th e  c l a d d i n g .  For l a r g e  v a l u e s  o f  th e  
argument ( w r / a )  i . e .  f o r  l a r g e  r  th e  e v a n e s c e n t  f i e l d  i n  th e  c l a d d i n g  
decays  a s  exp ( -w r /a ) .
An a l t e r n a t i v e  t o  t h e  ESI a p p r o x i m a t i o n  i s  t h e  g a u s s i a n  
app ro x im a tio n .  I t  h a s  b e e n  s h o w n ,  b o t h  e x p e r i m e n t a l l y ^ ^  a n d  
t h e o r e t i c a l l y ^ *  t h a t  th e  f i e l d  o f  a s ing le -m ode ,  weakly g u id in g ,  q u a s i­
s t e p  in d e x  f i b r e  i s  v e ry  n e a r ly  g a u ss ia n  i n  shape. The o v e r la p  between 
a  g a u s s i a n  beam and t h e  HE^^ i s  g r e a t e r  th a n  94% o v e r  t h e  s i n g l e  mode 
r e g io n  c o n s id e re d  i n  t h i s  work. I t  i s  p o s s ib le  to  approx im ate  the  mode 
f i e l d  by a G aussian; a l th o u g h  t h i s  model i s  u n s u i t a b le  f o r  c a l c u la t io n s  
such a s  e v a n e s c e n t  f i e l d  c o u p l in g ^ ^  i t  g i v e s  a good c o n c e p tu a l  
u n d e rs ta n d in g  o f  f i b r e  p r o p a g a t i o n .  The mode can  be t h o u g h t  o f  a s  a 
g a u s s ia n  beam a t  th e  beam w a i s t ,  w i t h  a p la n e  p h a s e  f r o n t  w i th  a 
d iv e rg e n c e  e q u a l  t o  t h e  c o n f i n i n g  pow er o f  t h e  f i b r e  w a v e g u id e ,  t h e  
n e t t  d iv e rg en ce  i s  z e ro  and th e  mode p ro p ag a te s  w i th  the  shape o f  th e
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beam w a is t^ ^ .
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3. Coupled w aveguides and coupled  mode th e o ry
3 .1  I n t r o d u c t io n .
I n  ch ap te r  two i t  was shown t h a t  a  f i b r e  p ro v id es  confinem ent i n  
two d im e n s io n s  w h i l e  a  p l a n a r  f i l m  p r o v i d e s  c o n f in e m e n t  i n  o n ly  one 
dim ension. T h is  s im p le  o b s e rv a t io n  i s  c e n t r a l  to  an u n d e rs tan d in g  o f  
ev an e sc en t  f i e l d  c o u p l i n g  b e tw e e n  t h e s e  s t r u c t u r e s .  A r i b  g u i d e ^ '^  
a l s o  p ro v id es  two d im e n s io n a l  confinem en t w h ile  a  p rism  or a  s i m i l a r  
v e ry  th i c k  r e g io n  h a s  z e ro -d im e n s io n a l  confinem en t,  a c t i n g  a s  a mode 
s in k .
Two p a r a l l e l  w a v e g u id e s  a r e  c o u p le d  when t h e  e v a n e s c e n t  f i e l d  
decay ing  from  th e  c o r e  b o u n d a ry  o f  one g u id e  h a s  a f i n i t e  (and n o n -  
n e g l ig ib l e )  a m p li tu d e  a t  th e  co re  boundary o f  the  second gu ide . S ince 
th e  evanescen t f i e l d  decays r a p i d l y  over a few w ave leng ths  the  g u id e s  
must be i n  c lo se  p ro x im i ty  and th e  coup ling  s t r e n g th  in c r e a s e s  a s  th e  
g u id e  s p a c in g  d e c r e a s e s .  The d i f f e r e n t  g e o m e t r i e s  i n  w h ich  t h i s  
c o u p l in g  o c c u r s  a r e  c l a s s e d  a c c o r d i n g  t o  t h e  d e g r e e  o f  g u i d e  
co n f in a n e n t ,  i n  T a b le  3a.
3 .2  Degree o f  con finem en t i n  coup led  waveguides
Table 3a
C l a s s i f i c a t i o n  o f  t r a n s v e r s e  co u p lin g  acco rd in g  to  the  degree  o f  
confinem ent in h e r e n t  i n  each w aveguiding o r  mode s in k in g  s t r u c t u r e .
Categorv  Coupling D e s c r ip t io n  Degree o f  confinem ent R eference
A S lab  -  Mode Sink 1 - 0  3
B F ib re  -  Mode S ink  2 - 0  4
C S lab  -  S lab  1 - 1  5
D F ib re  -  S lab  2 - 1  6
E_______ F ib re  -  F ib re __________________2 - 2 ________________ 7
The prism  f i l m  c o u p le r  (ca teg o ry  A) was a n a ly se d  u s in g  a  method o f  
p lan e  wave expansion^ . Coupling b e tw e e n  g u i d e s  o f  e q u a l  c o n f in e m e n t  
( c a t e g o r ie s  C and  E) h a s  b een  t r e a t e d  by c o u p le d  mode t h e o r y  (CMT)^'?. 
Both Arnaud^ and M a r c a t i l i *  t r e a t e d  th e  problem o f  f i b r e - f i l m  co u p lin g
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(c a te g o ry  D). A lth o u g h  t h e i r  a n a l y s e s  a r e  a p p r o x im a te  and  b a s e d  on 
h ig h ly  m u l t im o d e  f i b r e s  th e y  e x p l a i n  some o f  th e  b a s i c  phenom ena 
observed  i n  t h i s  w o rk .  Both  a n a l y s e s  em p lo y  a s  t h e i r  s t a r t i n g  p o i n t  
th e  co n cep ts  o f  CMT a p p l i c a b l e  to  coupled g u id e s  o f  equa l  confinem ent 
and t h e s e  a r e  d i s c u s s e d  b e lo w . The a n a l y s i s  o f  A rnaud w as f u r t h e r  
r e f i n e d  and a p p l i e d  t o  s i n g l e  mode f i b r e s  r e c e n t l y * .  L a s e r s  can  be 
th o u g h t  o f  a s  p r o v i d i n g  t h r e e  d i m e n s i o n a l  c o n f in e m e n t  and  h av e  been  
s u c c e s s f u l l y  c o u p le d  i n  l a r g e  a r r a y s  ( c a t e g o r y  F ). R e f e r e n c e  8 
e x p l a in s  th e  p r i n c i p l e s  o f  t h i s  s u b je c t ,  a l s o  based on CMT. We d e r iv e  
a t  t h i s  p o in t  some o f  the  b a s ic  r e s u l t s  o f  CMT f o r  p a r a l l e l  d i e l e c t r i c  
w aveguides.
3 .3  Coupled w aveguides o f  eoua l  confinem en t
3 .3 .1  Weak co u p l in g  o f  p a r a l l e l  g u id e s
CMT can be u s e f u l l y  a p p l ie d  to  a n a ly se  s t r u c t u r e s  such as  t h a t  
shown i n  f i g u r e  3 .1 .  The modes o f  t h e  s t r u c t u r e  c a n n o t  be fo u n d  
a n a l y t i c a l l y  b e c a u s e  t h e  b o u n d a ry  c o n d i t i o n s  a r e  t o o  c o m p l i c a t e d  b u t  
from p e r t u r b a t i o n  t h e o r y  th e y  m u s t  be r e l a t e d  t o  t h e  m odes o f  th e  
i n d i v i d u a l  w aveguides (weak coup ling ) .
For a  l o s s l e s s  gu ide  w ith  f i n i t e  t r a n s v e r s e  d im en s io n s  which i s  
z - i n v a r i a n t  th e  gu ided  mode f i e l d s  can be w r i t t e n
E ( x ,y ,z )  = E (x ,y )  e x p ( jp z )  3 .1a
H (x ,y ,z )  = H(x,y) e x p ( jp z )  3.1b
Where E (x ,y )= E ^  and  H(x,y)=H|. a r e  th e  t r a n s v e r s e  f i e l d  d i s t r i b u t i o n s ,  
The phase o f  th e  e l e c t r i c  f i e l d  changes a c c o rd in g  to ;
d E ( x ,y ,z ) /d z  = jp E ( x ,y ,z )  3 .2
w ith  a s i m i l a r  e x p re s s io n  f o r  the  m agne tic  f i e l d .
I t  h a s  b een  show n by Arnaud^® t h a t ;  i f  t h e  s i n g l e  mode o f  g u id e  a 
( f i g u r e  3 .1) h a s  f i e l d  E^, and p r o p a g a t i o n  c o n s t a n t  ^g=kgngg and 
t h a t  o f  g u id e  b h a s  f i e l d  E^, H y  p r o p a g a t i n g  a s  ex p (- jp j jZ )  t h e n  th e  
modes o f  the  com posite  s t r u c t u r e  a re  g iven  by;
( j T  -  J P a X j r  -  jPb) =
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where 1 /2  J ^?ax-bx ^ ?az?bx ?bx-az  - b z - a x ^ ^
( E g  X H g )  . z  dydx 3 .5 a
(E^ X Hjj) .z  dydx 3.5b
J,
and r  i s  th e  p r o p a g a t i o n  c o n s t a n t  o f  a mode o f  th e  c o m p o s i t e  g u id e  
( i . e .  a c o m p o s i te  o r  c o u p le d  m ode), z i s  a u n i t  v e c t o r  i n  t h e  z 
d i r e c t i o n .  The a ssu m p tio n s  h e re  a re  t h a t  the  g u id e s  a re  z - i n v a r i a n t ,  
l o s s l e s s ,  n e a r l y  s y n c h r o n o u s  and t h a t  t o  a f i r s t  a p p r o x i m a t i o n  th e  
f i e l d  E,H i n  the  com posite  gu ide  i s  g iven  by;
H = Hg + Hb 3 .6a
5 = Eg + Eb 3 .6b
E qua t ion  3.5 i s  based on p e r tu r b a t io n  a n a l y s i s  and i s  v a l id  f o r  weakly 
coup led  g u i d e s .  I n  t h e  c a s e  when t h e  tw o g u i d e s  a ,b  a r e  s y n c h ro n o u s ,  
i . e .  when;
Pa = Pb = P = ko"e 3 '?
th e n  e q u a t io n  3.1 becomes;
j ( r  -p )  = 3 .8
or r ±  = p ±  3 .9
where JK ab = C ab '< P aP b > ^ '^  3 .1 0
Kgb i s  t h e  c o u p l in g  c o e f f i c i e n t  b e tw e e n  g u i d e s  a .b  and  1^, f_  a r e  th e  
p ro p a g a t io n  c o n s t a n t s  o f  t h e  c o u p le d  m odes. The r e s u l t  (3 .7 )  show s 
t h a t  th e  degeneracy (modes having equa l p ro p a g a t io n  c o n s ta n t s  a re  s a id  
to  be d eg en e ra te )  o f  the  modes o f  th e  i s o l a t e d  waveguides i s  removed by 
co u p l in g .  The am ount o f  "m ode s p l i t t i n g "  i s  d e p e n d e n t  on th e  
c o u p l in g  s t r e n g t h .  I f  t h e  g u id e  s e p a r a t i o n  w ere  i n c r e a s e d  th e n  Cg^ 
would d ecrease  s in ce  the  f i e l d  i n t e n s i t y  o f  each guide  i n  th e  v i c i n i t y  
o f  th e  o th e r  would f a l l  and P^, P_ would converge tow ards  th e  o r i g i n a l
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v a lu e  p . T h i s  a l l o w s  u s  t o  d e f i n e  w e a k  c o u p l i n g  a s  a  s m a l l  
p e r t u r b a t i o n  su ch  t h a t
P »  Kab 3.11
3 .3 .2  Coupled l i n e  e q u a t io n s
The tw o  c o u p le d  m odes P_ b e a t  a s  t h e y  p r o p a g a t e  i n  t h e  z -  
d i r e c t i o n  and some o p t i c a l  power i s  t r a n s f e r r e d  betw een th e  w aveguides. 
T h is  can be d e sc r ib e d  f o r  synchronous g u id e s  a c c o rd in g  to  th e  coupled 
l i n e  e q u a t io n s
d E g (x ,y ,z ) /d z  = jpEg + jK ^ E ^  3 . 12a
d E j j (x ,y ,z ) /d z  = jpE^ + J^ab^a 3.12b
In  a d d i t i o n  to  th e  phase change w ith  p ro p a g a t io n ,  o f  the  gu ide  i n  
i s o l a t i o n  p r e d i c t e d  by 3 .2 ,  t h e r e  i s  an  a d d i t i o n a l  c o n t r i b u t i o n  from  
th e  s e c o n d  g u id e .  I n  e q u a t i o n  3 .1 2 a ,b  Kba r e p r e s e n t s  c o u p l i n g  f rom  
g u id e  b to  gu ide  a  w h i le  Kg^ r e p r e s e n t s  co u p l in g  from gu ide  a to  guide 
b. From t h e  a n a l y s i s  l e a d i n g  t o  e q u a t i o n  3.9  i t  i s  c l e a r  t h a t  t h e s e  
two c o u p l i n g  c o e f f i c i e n t s  a r e  e q u a l .  T h i s  f o l l o w s  f rom  th e  weak 
c o u p l in g  assu m p tio n  i n  e q u a t io n  3.6. I f  th e  i n i t i a l  f i e l d  am p li tu d e s  
i n  g u id e s  a and b a r e  A^, then  i t  can be shown (Appendix 1) t h a t  the  
f i e l d  a m p li tu d e  i n  g u id e s  a ,b  a re  g iven  by
A(z )={Aq oos[Kat,Kba)^^^zl + 3.13a
B(2)=(B^ o o s[K a b K b a) l /3 z ]- jA o (K ab /K b a) l /2 a in [(K ab K b a) l /2 z ])e jP  3.13b
I f  t h e  i n i t i a l  c o n d i t i o n s  a r e  A@ = 1, = 0 t h e n  t h e  a m p l i t u d e  i n
g u id e  b a t  a  d i s t a n c e  z ,  s u ch  t h a t ;
(Kab^ba’ ^^^ z =n/2  3 .14
i s  c l e a r l y  (K b a /K g j,)  T h i s  i s  o n l y  v a l i d  ( u n d e r  p o w e r
c o n s e rv a t io n  r e l a t i o n s )  i f  Kg^ = K^g. E q u a t io n  3.13 can  t h e r e f o r e  be 
w r i t t e n ;
A(z) = (Aq cosKgjjZ + JBq sinKgbZ)ejP  3 .15a
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w ith  A(o) “  Aq, B(o ) = 0, i s ;
X z
A(z) = Aq e x p [“ j  J p ( z ) d z ]  cos [ j^ K (z )d z ]  3 .18a
B(z) = JA^ e x p [ - j  Jp(z)dz] s i n  [ J%(z)dz] ’ 3.18b
The f i r s t  i n t e g r a l  c o n t r i b u t e s  on ly  phase i f  p i s  r e a l  and s in c e
we a r e  i n t e r e s t e d  o n ly  i n  po w er  t r a n s f e r  i t  i s  n e g l e c t e d .  The pow er 
t r a n s f e r r e d  between th e  g u id e s  i s  th e r e f o r e ;
P (z)  = s in ^  T (z )  w ith  T(z) = ^ K (z )d z  3 .19a
o
As th e  waveguide s e p a r a t io n  in c r e a s e s  t h i s  te n d s  a s y m p to t i c a l ly  to
eO
P«>) = 8 in 2 [T to ) ]  w ith  T(oo) = jK (z )d z  3.19b
o
I t  i s  n o t  p o s s i b l e  i n  t h i s  c a s e  t o  d e f i n e  a  c o u p l i n g  l e n g t h ,  
over  w h ich  c o m p le te  pow er t r a n s f e r  o c c u r s .  I t  i s  i m p o r t a n t  t o  
u n d e rs ta n d  h o w e v e r ,  t h e  l e n g t h  o v e r  w h ich  s i g n i f i c a n t  pow er t r a n s f e r  
o ccu rs .  We d e f in e  s i g n i f i c a n t  a s  th e  le n g th  Lg, a t  which
T ( L g ) / T ( « o )  = 0.95 3 .20
T h is  i s  o f  m ost v a l u e  when T W  = n /2  s i n c e  i t  i s  t h e n  e f f e c t i v e l y  t h e  
l e n g th  over which com ple te  power t r a n s f e r  occu rs .
3 .3 .5  Coupling s t r e n g t h  i n  th e  TVC
The TVC i s  a  b r a n c h i n g  c o u p l e r  i n  t h e  s e n s e  d e s c r i b e d  by 
F in d a k ly l*  w ith  b ranch ing  a n g le  =0jj (F igure 3.2). I t  can be coupled  to  
a  p l a n a r  o v e r l a i d  f i l m  [ c a t e g o r y  D T a b le  3 a ]  o r  t o  an  o v e r l a i d  r i b  
waveguide [ c a t e g o r y  E ] .  I n  b o th  c a s e s  t h e  l o c a l  c o u p l i n g  s t r e n g t h  
depends on th e  g u id e  s p a c i n g .  I n i t i a l l y  th e y  a r e  w e a k ly  c o u p le d ,  
becoming s t r o n g ly  coupled  w i th  d e c re a s in g  spac ing  and a r e  very  s t ro n g ly  
coupled p r i o r  to  m erging.
M atsuhara^3 h a s  d e f i n e d  t h e  l o c a l  c r o s s - s e c t i o n  o f  non p a r a l l e l  
g u id e s  f o r  t h e  g e n e r a l  c a s e  o f  c o u p le d ,  s m o o th ly  c u rv e d  t r a n s m i s s i o n  
l i n e s .  For b r a n c h i n g  g u i d e s  t h e  l o c a l  c r o s s  s e c t i o n  i s  n o rm a l  t o  a 
l i n e  b i s e c t i n g  t h e  b r a n c h i n g  a n g l e  (8^ ) .  T h i s  l i n e  i s  t h e r e f o r e  t h e  
p ro p a g a t io n  a x i s  o f  th e  coupled  modes [ f ig u re  3 .2]. In  th e  ex p e r im en ts
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r e p o r te d  h e r e  i s  t y p i c a l l y  1® and  t h e  m u l t i p l y i n g  f a c t o r  c o s ( l ° / 2 ) 
would a p p e a r  i n  a  s t r i c t  c a l c u l a t i o n .  N e g l e c t i n g  t h i s  r e s u l t s  i n  an  
( a c c e p ta b le )  e r r o r  o f  4 p a r t s  i n  10^ b u t i t  i s  shown i n  th e  diagram f o r  
co m p le te n ess .
3 .3 .6  A ccurate  a n a l y s i s  o f  s t r o n g ly  coup led  b ranch ing  gu ides
I t  can  be s e e n  f rom  f i g u r e  3.2 t h a t  an  a n a l y t i c a l  s o l u t i o n  o f  
f i b r e - f i l m  c o u p l i n g  u s i n g  t h e  TVC w o u ld  be o f  l i m i t e d  a c c u r a c y .  I t  
does  h o w e v e r  g i v e  a  good c o n c e p t u a l  u n d e r s t a n d i n g  o f  th e  c o u p l in g  
p ro c e s s .  E x p e r i m e n t a l  r e s u l t s  f o r  s t r o n g l y  c o u p le d  f i b r e  and f i l m  
g u id e s  show the  behav iour  p r e d ic te d  by th e  a n a l y s i s  o f  M a r c a t i l i ,  based 
on th e  con cep ts  o f  CMT, (Chapter 5). S t ro n g ly  coupled  p a r a l l e l  g u id es  
have been shown to  couple  i n  th e  manner p r e d ic te d  by CMT^* a lthough  the  
weak c o u p l in g  ap p ro x im a tio n  has been shown t o  be o f  l i m i t e d  accuracy  in  
p r e d i c t i n g  th e  v a lu e s  o f  co u p lin g  c o e f f i c i e n t s  and le n g th s ^ ^ .  The very  
s t r o n g  c o u p l i n g  r e g i o n  c a n n o t  a c c u r a t e l y  be a n a l y s e d  by CMT and 
r e q u i r e s  a co m p u ta t io n a l  te ch n iq u e  such as  the  beam p ro p a g a t io n  method 
(BPM)^^'l*. A BPM program o f  3-d im e n s io n a l  c a p a c i ty  i s  r e q u i r e d ,  t h i s  
i s  d i s c u s s e d  w ith  r e s u l t s ,  i n  ch5.4.
3 .4  Consequences o f  non-svnchronism
3 .4 .1  Power t r a n s f e r  e f f i c i e n c y
The d i r e c t i o n a l  co u p le r  i s  a  fundam enta l component o f  in t e g r a t e d  
o p t i c s .  I n  p r a c t i c e  i t  i s  v e r y  d i f f i c u l t  t o  a c h i e v e  s y n c h ro n is m  i . e .  
Pg=Pb i t  i s  im p o r ta n t  to  u n d e rs tan d  th e  e f f e c t  o f  a  mismatch Ap=pa- 
pb. Mismatch r e s u l t s  i n  in c o m p le te  power t r a n s f e r  and th e r e f o r e  l o s s  
o r  c r o s s t a l k ^ ^ .  F o r  tw o p a r a l l e l  g u i d e s  o f  e q u a l  c o n f in e m e n t  t h e  
maximum power t r a n s f e r  e f f i c i e n c y  f a l l s  w ith  m ism atch acco rd ing  to ;
P^t = ( 1 + (Ap/2K)^)“ ^ 3.21
T h is  r e s u l t  i s  d e r i v e d  i n  t h e  A ppend ix .  S t r o n g  c o u p l in g  ( l a r g e  K) 
a l lo w s  a r e l a t i v e l y  l a r g e  m ism a tc h  Ap f o r  a  g i v e n  e f f i c i e n c y  i . e .  
s t r o n g  c o u p l i n g  i s  e q u i v a l e n t  t o  low  f i n e s s e .  H igh f i n e s s e  r e q u i r e s  
weak co u p l in g  and i n  a  m u l t ip a s s  d ev ice ,  a  low c a v i ty  loss^O.
p i s  t y p i c a l l y  ICp and K i s  t y p i c a l l y  10^ so t h a t  a sm all  mismatch 
Ap/p= 1 0 " 4  i s  t y p i c a l l y  s u f f i c i e n t  t o  h a l v e  p o w e r  t r a n s f e r .
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S i g n i f i c a n t  pow er t r a n s f e r  t h e r e f o r e  o n ly  o c c u r s  b e tw e e n  modes o f  
n e a r ly  i d e n t i c a l  e f f e c t i v e  index .
3 .4 .2  Coupling between m ultim ode g u id es
A s t r i c t  a n a l y s i s  o f  c o u p l i n g  b e tw e e n  m u l t im o d e  g u id e s  m u s t  
in c lu d e  e v e r y  g u id e d  mode. T h i s  r e s u l t s  i n  a l a r g e  s e t  o f  e q u a t i o n s  
(nxn) d e s c r i b i n g  c o u p l i n g  b e tw e e n  t h e  p^^ mode o f  g u id e  a  and  t h e  q^^ 
mode o f  g u id e  b. (where K p<n, K q<n) I t  has  been shown^^ t h a t  t h i s  s e t  
o f  e q u a t io n s  can o f t e n  be reduced  to  two.
P rov ided  t h a t  -  P§ and th e  co u p l in g  c o e f f i c i e n t  between th e  modes 
i s  much s m a l l e r  t h a n  th e  p r o p a g a t i o n  c o n s t a n t s ,  c o u p l i n g  t o  a  t h i r d  
mode i s  n e g l i g i b l e  u n le s s  Pg ûr pP, p§. Whenever t h i s  c o n d i t io n ;
P3 #  p | ,  pg 3 .22
i s  s a t i s f i e d ,  c o u p lin g  betw een two modes may be t r e a t e d  i n  i s o l a t i o n  
u s in g  3.12.
I t  h a s  b een  shown^*^^ and  e x p e r i m e n t a l l y  v e r i f i e d ^ ^  t h a t  th e  
c o u p l in g  c o e f f i c i e n t  o f  tw o  w e a k ly  c o u p le d  s y n c h ro n o u s  g u i d e s  can  be 
w r i t t e n  s im ply  i n  te rm s  o f  th e  s p a t i a l  f i e l d  o v e r la p ;
K=-w/(lo 4 P j  j f  (n^(x ,y )  -  n |)E a* . dxdy 3.23
A
w i s  t h e  a n g u l a r  f r e q u e n c y ,  Pq i s  t h e  t o t a l  pow er c a r r i e d  by th e  
w aveguides, i s  t h e  p e r m i t t i v i t y  o f  f r e e  s p a c e  and  n (x ,y )  i s  th e  
r e f r a c t i v e  index  d i s t r i b u t i o n  o f  the  com posite  waveguide.
I f  t h e  g u i d e s  a r e  n o n - i d e n t i c a l  th e n  t h i s  may o c c u r  f o r  p ^  q. The 
t r a n s v e r s e  f i e l d s  o f  th e  modes w i l l  have reduced  o v e r la p  by com parison 
w i th  modes o f  t h e  same o r d e r ,  s i n c e  p o s i t i v e  and n e g a t i v e  f i e l d  
c o n t r i b u t i o n s  w i l l  c a n c e l ,  f i g u r e  3 .3 . The c o u p l in g  c o e f f i c i e n t  i s  
r ed u ce d  i n  com parison  and th e  r e q u i r e d  coup lin g  le n g th  in c re a s e d .
S ince  t h e  i n t e g r a l  i s  o n l y  n o n - z e r o  i n  t h e  g u i d i n g  ( i . e .  
p e r tu r b a t io n )  r e g i o n s ,  t h e  l i m i t s  o f  i n t e g r a t i o n  a r e  s e t  by th e  g u id e  
geom etry . The c o u p lin g  c o e f f i c i e n t  a s  a fu n c t io n  o f  w avelength  depends 
s t r o n g ly  on t h e  e x t e n t  a n d  a m p l i t u d e  o f  t h e  e v a n e s c e n t  f i e l d  
( in c r e a s in g  w i t h  w a v e le n g th )  m u l t i p l i e d  by th e  a m p l i t u d e  o f  t h e  c o re  
f i e l d  ( d e c r e a s i n g  w i t h  w a v e l e n g th ) .  For f i b r e - f i b r e  coupling^* K(X) 
was fo u n d  t o  peak  a t  a p a r t i c u l a r  w a v e l e n g th ,  w h ich  v a r i e d  w i t h  t h e  
f i b r e  s e p a r a t io n .  K(X) i s  d is c u s se d  f o r  f i b r e  f i lm  coup ling  i n  c h a p te r
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Planar films
a)
y ,z
P ro p a g a t io n  C o n s tan t .
b)
A
Power i n  g u ide  b
Power i n  gu ide  a
--------»Z
F ig u re  3 .3  a)  The f i e l d  o v e r la p  i s  reduced  f o r  modes having  d i f f e r i n g  
am plitude  p r o f i l e s ,  by p a r t i a l  c a n c e l l a t i o n  o f  p o s i t i v e  
and n e g a t iv e  c o n t r i b u t i o n s ,
b) As the  th ic k n e s s  and mode e f f e c t i v e  index  o f  gu ide  a 
d e c re a se s ,  i t  becomes synchronous w ith  gu ide  b a t  one 
p o in t  and power i s  t r a n s f e r r e d  i n  t h i s  r e g io n .
5 .
3 .4 .3  Tapered v e l o c i t y  coup ling
S in ce  th e  f a b r i c a t i o n  re q u ire m e n ts  f o r  synchronism  a re  ex ac t in g ,  
a l t e r n a t i v e  phase m atch ing  methods have been i n v e s t i g a t e d  e.g. E le c t ro ­
o p t i c  tu n in g  o f  a n d /o r  and ta p e r  c o u p l in g ^ ^ '^ ^ .  The p r in c i p le
o f  t a p e r  c o u p l i n g  i s  shown i n  f i g u r e  3.4  f o r  tw o p a r a l l e l  s l a b  
w aveguides. The e f f e c t i v e  in d ex  o f  one gu ide  changes w i th  d i s ta n c e  and 
a t  one p o i n t  th e  tw o  g u i d e s  a r e  s y n c h r o n o u s .  Around t h i s  p o i n t  
s i g n i f i c a n t  pow er t r a n s f e r  o c c u r s  a f t e r  w h ic h  th e  g u i d e s  a r e  a g a i n  
i s o l a t e d  by t h e i r  p h a s e  m ism a tc h .  T h is  p r i n c i p l e  i s  em ployed  i n  
C hap ter  5 to  e x p la in  w avelength  dependent co u p lin g .  S ince  modes having 
a  ran g e  o f  e f f e c t i v e  in d i c e s  can couple from gu ide  a to  b i t  i s  a broad 
band d e v i c e .
A mode s i n k  s u p p o r t s  a c o n t in u u m  o f  modes o v e r  a s p e c i f i e d  
e f f e c t i v e  in d e x  r a n g e .  A g u id e  s u p p o r t i n g  a  mode i n  t h i s  r a n g e  and 
coup led  t o  t h e  mode s i n k ,  w i l l  be p h a se  m a tc h e d  to  some p o i n t  i n  th e  
continuum  and  c a n  t r a n s f e r  i t s  t o t a l  pow er i n t o  th e  mode s i n k .  T h is  
power i s  n o r m a l ly  l o s t  a s  r a d i a t i o n  and  d o es  n o t  r e t u r n  t o  t h e  
g u id e ^ '^ .
3 .4 .4  Mismatch i n  n o n - p a r a l l e l  g u id e s
An a n a l y t i c a l  s o lu t i o n  cannot be o b ta in e d  f o r  n o n - p a r a l l e l ,  non- 
synchronous g u id e s .  The f a l l - o f f  in  power t r a n s f e r  e f f i c i e n c y  must be 
c a l c u l a t e d  n u m e r ic a l ly ,  i t  hats been shown however t h a t  the  e f f i c i e n c y  
d e c re a s e s  sh a rp ly  w ith  mism atch f o r  b ranch ing  w aveguides^^.
3 .5  T ran sv e rse  f i b r e - f i l m  coup ling
The c o n c e p t s  o f  CMT r e m a in  i n t u i t i v e  i n  t h e  s tu d y  o f  f i b r e - f i l m  
c o u p l in g ,  t h a t  i s ;
a )  T o ta l  power t r a n s f e r  r e q u i r e s  synchronism
b ) f o r  p a r a l l e l  o r  non p a r a l l e l  g u id e s  c o u p l i n g  f a l l s  r a p i d l y  w i th  
mismatch
c) some power can coup le  from f i b r e - t o - f i l m - t o - f i b r e .
These c o n c e p t s  a r e  v e r i f i e d  i n  c h a p t e r  5.
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Prism
m -l in e
Film
TE mode, p lane  wave.
F ie ld  am plitude  
X
F igu re  3 .4 a )  Film prism  co u p l in g ,  n p ,n^  a r e  th e  prism  and gap in d i c e s  
,D i s  th e  f i lm -p r is m  s p a c in g .
F ig u re  3 .4 b )  F ib re  f i lm  co u p l in g ,  th e  p la n e  waves i n  th e  f i lm  have 
p ro p a g a t io n  c o n s ta n t  kg, w ith  a component a long  th e  z -  
a x i s  equal to  p .
I n  t h i s  s e c t io n ,  th e  g e n e ra l  p r i n c i p l e s  o f  coup ling  between gu ides  
o f  d i f f e r e n t  confinem en t a re  o u t l in e d .  F ib r e - f i l m  coup ling  i s  shown to  
be more complex th an  c o u p lin g  between g u id e s  o f  equal confinem ent.
In  g e n e r a l ,  th e  modes o f  a com posite  s t r u c t u r e  which i s  in v a r i a n t  i n  
th e  z - d i r e c t i o n  p ropaga te  a s  e x p (- jp z ) .  During mode s in k in g ,  the  lo s s  
o f  one degree  o f  confinem en t r e s u l t s  i n  th e  modes having a  t r a n s v e r s e  
p ro p a g a t io n  c o n s t a n t  c o r r e s p o n d i n g  t o  d iv e rg e n c e .  F ig u re s  3.4a,b show 
th e  r e s u l t  f o r  f i l m - p r i s m  c o u p l i n g  a n d  f i b r e - f i l m  c o u p l i n g  
r e s p e c t i v e l y .  (The f i b r e - f i l m  r e s u l t  show n ,is  a  s p e c ia l  case  fo r  kg>p. 
T h is  and o th e r  c a s e s  a r e  d i s c u s s e d  i n  more d e t a i l  below.) L ight coupled 
from a f i l m  to  a  p r ism  has p ro p a g a t io n  c o n s ta n t  k^np w ith  a component p 
i n  th e  z - d i r e c t i o n .  S i m i l a r l y  f o r  f i b r e - f i l m  coup ling ,  the  f i lm  mode 
h as  a  p ro p a g a t io n  c o n s ta n t  kg w ith  a  component p a long  z. In  each case 
th e  mode s in k in g  o ccu rs  a t  an ang le ;
3.24
p can be found by p rism  coup lin g  from a  f i lm  or f i b r e  by measuring the  
a n g le  0j^g and knowing the  prism  index  Up.
U n t i l  1985, on ly  two a n a ly s e s  o f  ev anescen t f i b r e  f i l m  coup ling  had 
been p u b l i s h e d ;  t h o s e  o f  A rnaud^ and M a r c a t i l i ^  i n  1974. Growing 
i n t e r e s t  i n  t h i s  f i e l d  was in d i c a t e d  by a  r e c e n t  paper by Lamouroux and 
co -w orkers^^ . T h is  p a p e r  w as l a r g e l y  b a s e d  on n u m e r i c a l  a n a l y s i s  and 
o f f e r e d  l i t t l e  a d v a n c e m e n t  on t h e  e x i s t i n g  a n a l y t i c a l  work. % rn a u d s  
a n a l y s i s  w as b a se d  on CMT i n  o r d e r  t o  o b t a i n  a  f i g u r e  f o r  t h e  r a t e  o f  
f i b r e  f i l m  leakage  d u r in g  mode s in k in g .  Developed from e x p re s s io n s  fo r  
' f e e b l y  c o u p l e d '  g u i d e s  o f  e q u a l  c o n f in e m e n t  i t  had a s  a r e s u l t ,  
i n h e r e n t  l i m i t a t i o n s  when a p p l i e d  t o  t h i s  p ro b le m .  I t  i s  d e s c r i b e d  
below, to g e th e r  w ith  th e  complementary a n a l y s i s  o f  M a r c a t i l i .  This  was 
p u b l i s h e d  a t  the  same t im e  and makes use o f  Arnauds r e s u l t s .  I t  g iv e s  a 
good co n ce p tu a l  u n d e rs tan d in g  o f  th e  m ode-s ink ing  phenomenon and i s  the  
b a s i s  f o r  u n d e rs tan d in g  r i b  g u id es  which a re  shown to  be e q u iv a le n t  to  
a  t i g h t l y  coupled f i b r e / f i l m  s t r u c t u r e .
3 .5 .1  Mode s in k in g  from f i lm  to  prism .
Arnaud b e g in s  by c o n s i d e r i n g  m o d e - s in k in g  from  th e  d i s c r e t e  
(fo rw ard ) mode s p e c t ru m  o f  a  t h i n  f i l m  g u id e  i n t o  t h e  c o n t in u o u s  
spec trum  o f  a h ig h  in d e x  h a l f  s p a c e  ( i . e .  a p r i s m ) .  T h is  i s  th e n  
developed  t o  e x p l a i n  mode s i n k i n g  f ro m  a f i b r e  to  a t h i n  f i l m  w hich  
i t s e l f  a c t s  a s  a mode s in k .  This  a n a ly s i s  p roceeds a s  fo l lo w s .
C onsider a  f i lm  s u p p o r t in g  a  TE mode, coupled to  a  prism  as  shown
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i n  f i g u r e  3 .4 .  The p r i s m  r e g i o n  i s  i n i t i a l l y  c o n s i d e r e d  t o  be o f  
f i n i t e  t h i c k n e s s  and  b o th  r e g i o n s  t o  be o f  f i n i t e  w id th  X, I f  p and k^ 
a r e  th e  p ro p a g a t io n  c o n s ta n t s  o f  the  f i lm  mode and a mode o f  the  mode 
s in k  r e s p e c t i v e l y  then  3.3 can be so lved  f o r ;
( jT -  j p ) ( j T -  jkg) = 3.24
-  P(p + kg) +(pkg + X%) = 0 3.25
Roots R = 1 / 2 0  + kg) + 1 / 2 ( 0  + kg)^ -  4(pkg + K^))^^^ 3.26
R = l / 2 ( p  + kg) + ( l / 4 ( p  -  kg)^ -  3.27
We a r e  i n t e r e s t e d  i n  the  mode whose f i e l d  o r i g i n a t e s  i n  the  f i lm  guide 
i . e . f l  . T h a t  i s  when K = 0 , C =p. I t  i s  n e c e s s a r y  to  a r t i f i c i a l l y  
in t r o d u c e  m a t e r i a l  l o s s  i n  th e  f i lm  such t h a t ;
kg = kgr + jk g i  3 .28
and k g i  »  3 .29
T h is  a l lo w s  th e  second term  o f  3.27 to  be expanded u s in g  the  b inom ial 
expansion  s i n c e  th e  i m a g i n a r y  te rm  d o m i n a te s  when p= kg^ . The 
im ag inary  p a r t  o f  P which we c a l l  i s  t h e r e f o r e  th e  l o s s  s u f f e r e d  by 
th e  coup led  mode
= I m ( l / 2  j k g i  -  ( l / 2 ( k g p  + jkg^ -8  ) + K2/(kg -  8 ) ) )  3 .30
= Im(K2 /(kg j.  -8  + J k g j) )
= K 2kg j((kgr  -8  )3 + k l i ) - :  3 .31
I t  i s  t h e n  n e c e s s a r y  t o  a ssum e t h a t  th e  i m a g i n a r y  p a r t  o f  K i s  
n e g l ig ib l e .  The t o t a l  l o s s  W, from  th e  f i l m  i n t o  t h e  m p r i s m  modes i s  
then  g iv e n  by th e  sum;
H = 2 ,K 2 ^ ,k g ^ ( ( lc s r „ ,  -  8 )^ + k | i ) " 2  3 .32
and m' = mnp w h e re  m r e f e r s  t o  modes i n  th e  x - d i r e c t i o n ,  n modes i n  
th e  y d i r e c t i o n  and p, th e  p o la r i z a t io n .
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The c ro s s  s e c t io n  o f  th e  prism  XY and th e  w id th  o f  the  f i lm  Y, a re  
th e n  a l lo w e d  to  tend  to  i n f i n i t y .  At a f ix e d  power d e n s i ty  i n  the  f i lm  
g u id e  th e  power d e n s i ty  i n  th e  prism  ten d s  to  ze ro .  The f i e l d  o v e r la p  
t h e r e f o r e  becomes i n f i n i t e s i m a l  i . e .  the  co u p l in g  c o e f f i c i e n t  becomes 
sm a l l .  The su m m a tio n  W becom es an  i n t e g r a l  a s  XY t e n d s  t o  i n f i n i t y  
i . e .  ;
W = llm Z K2„ , k 3i ( ( k s „ ,  -  p )2  + k | i ) - l  3.33
XY-*flO
D e f in in g  th e  coup ling  d e n s i ty ;  l im  K“ ,=C(kgp)dkgp 3.34
XÏ-»cO
where kg^ < kgj^» < kg^ + dkg^, 3.35
Leads t o  th e  i n t e g r a l ;
W = j c ( k 3r ) k s i ( ( k 3r  -  p )2  + k l ^ ) ” !  dkgp 3.3«
I t  i s  now p o s s i b l e  t o  a l l o w  th e  l o s s  kg^ t o  te n d  t o  z e r o  w h i l e  
m a in ta in in g  t h e  c o n d i t i o n  3 .29. The f a c t o r  (kg^ -  fi) a c t s  a s  a d e l t a  
f u n c t io n  i n  e q u a t i o n  3 .36 , i n  th e  l i m i t  a s  kg^^O. The l o s s  i s  
th e r e f o r e  s im ply  g iven  by
W =xC(p) =nNK^ 3.37
where N i s  th e  mode d e n s i ty .
The l i g h t  r a d ia t e d  i n t o  th e  prism  p ro p ag a te s  away from the f i l m -  
g a p -p r ism  i n t e r f a c e .  In  the bulk  p r ism  l i g h t  p ro p ag a te s  as  k^Up bu t i n  
th e  z - d i r e c t i o n  th e  r a d ia te d  l i g h t  must have a  component equal to  p 
a c c o rd in g  t o  3 .3 6 ,  3.37. i t  i s  c l e a r  f rom  f i g u r e  3.4 t h e r e f o r e  t h a t  
konpOOse„s =p o r ;
Mode s in k in g  an g le  = oos“  ^ (p/k^Up) 3.38
T h is  sh o w s  t h a t  f o r  a  s i n g l e  p la n e  wave mode i n  t h e  f i l m ,  l i g h t  i s  
r a d i a t e d  a t  a s i n g l e  a n g le  G^g. T h is  r e s u l t  i s  u sed  i n  C h a p te r  4 i n  
d i s c u s s in g  p r i s m  c o u p l in g  from  a f i b r e .  A lth o u g h  t h i s  d e r i v a t i o n  i s  
based  on a  f i l m  g u id e  i t  h a s  been shown* t h a t  i t  g i v e s  e x c e l l e n t  
agreem ent w i t h  e x p e r i m e n t a l  f i b r e  /  p r i s m  e x p e r i m e n t s  i n  th e  c a s e  o f
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F ib re  Core
-Z
Syum etric  S lab
For one mode a t  one w avelength
k^=k
C II
III
8 k.
f=ksOos0ag
P ,k ,
-> P-kg
k« g
-> 2 >k,
F ig u re  3 .5  a) Geometry o f  f i b r e  f i lm  coup ling
b) F ilm  mode co m p o n en ts  r e s o l v e d  a lo n g  t h e  f o r w a r d  f i b r e  
a x i s .
c) C o n d i t i o n s  f o r  g u i d i n g  i n  and  m o d e - s in k in g  f ro m  th e  
f i b r e .
f e e b l e  c o u p l in g .
3 .5 .2  Mode s in k in g  from f i b r e  to  p la n a r  f i l m
The g e o m e try  o f  th e  c o u p le d  f i b r e  and f i l m  g u id e  i s  shown i n  
f i g u r e  3 .5 . A rn a u d 's  a n a l y s i s  a p p l i e d  t o  t h e  c a s e  o f  l a r g e  D w h i l e  
t h a t  o f  M a r c a t l l i ,  fo l lo w ed  h e re ,  a p p l ie d  f o r  a l l  D. H a r c a t i l i  used th e  
r e s u l t  (3.36) t h a t  the  f a c t o r  (kg^-p) a c te d  a s  a  d e l t a  fu n c t io n  so t h a t  
modes w i t h  a f i n i t e  m ism a tc h  ( i n  t h e  z - d i r e c t i o n )  w e re  e f f e c t i v e l y  
decoupled  eis d e sc r ib e d  below.
The modes o f  th e  s l a b  i n  i s o l a t i o n  a r e  g u id e d  p la n e  w aves a t  
a r b i t r a r y  d i r e c t i o n s  0 ,  t o  t h e  z - a x i s ,  i n  t h e  y - z  p l a n e .  F o r  
s i m p l i c i t y  i t  i s  c o n v e n ie n t  t o  a ssum e  t h a t  t h e  s l a b  f i e l d  i s  w e l l
co n f in e d  w ith  wave v e c to r s  k^, ky = mn/t, k^, r e l a t e d  by;
kg = (k^n l -  - ( m * / t ) 2 ) l / 2  3 .39
T h is  fo l lo w s  from eq u a t io n  2 .25  when H i s  s m a l l .
The p ro p ag a t io n  c o n s tan t  k^ o f  th e  m ^  s l a b  mode i s  g iven  by;
k j  = ( k |  + = kgOgg 3 .40
where n^g i s  th e  e f f e c t i v e  in d e x  o f  t h e  s l a b  mode. I f  a f i b r e  i s  
w eakly c o u p le d  t o  t h e  f i l m  a d i r e c t i o n  i s  im p o se d  on th e  s l a b .  The 
s l a b  modes have  a  com ponent kg a lo n g  th e  f i b r e  a x i s .  N e g l e c t i n g  
backward modes, th e  v a l u e s  o f  kg p r e s e n t  f o r  modes w i t h  m t u r n i n g  
p o in t s  a r e  g iv e n  by;
kg = k^nggcose = (k jn^  -  kJn lgS in^S  -  (m n /t)^ )^ ^^  3.41
The range o f  kg f o r  fo rw ard  modes l i e s  between;
0 < kg < kg 3.42
where kg = (k^n^ -  (m n /t)^ )^^^
Corresponding to ;
0 < e < n /2  3.43
T h is  i s  shown i n  f i g u r e  3.5b.
For each  mode m, t h e  v a l u e s  o f  k fo rm  a  co n t in u u m  from  0 t o  k g .
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E f f e c t i v e  pow er t r a n s f e r  o n ly  o c c u r s  b e tw e e n  t r a n s v e r s e l y  c o u p le d  
g u id e s  when th e  p r o p a g a t i o n  c o n s t a n t s  kg a r e  a l m o s t  e q u a l .  
H a r c a t i l i  c o n s id e r s  t h a t  fo r  weak coup lin g  power t r a n s f e r  i s  e f f e c t i v e  
o n ly  when th e  p r o p a g a t i o n  c o n s t a n t s  k^ a r e  e q u a l .  I f  t h e  f i b r e  h a s  
p ro p a g a t io n  c o n s ta n t  p th en  th e  behaviour o f  the  coupled gu ides  may be 
d e s c r ib e d  a s  fo l lo w s ;
( i )  I f  p > kg  th e n  no pow er i s  l o s t  from  th e  f i b r e ,  kg = kg i s  l e s s  
th a n  p so th e  g u id e s  a r e  mismatched a long  z.
(11) I f  p ^  kg then  a t  some ang le  +0ms th e  p ro p a g a t io n  c o n s ta n ts  a long  
z a r e  matched acco rd in g  to ;
P = kg = kgcos0ms where 0ms = cos“ ^ p /kg  3.44
S ince t h e  f i b r e  i s  m a tch ed  t o  th e  mode c o n t in u u m  pow er i s  l o s t  
from th e  f i b r e  i n t o  f i lm  modes p ro p ag a t in g  a t  a n g le s  +0ms to  the  f i b r e  
a x i s .  The c o n d i t i o n s  ab o v e  a r e  shown t o  h o ld  f o r  modes o f  a  r i b -  
wavegulde, ( i . e .  when D = 0 ) .  Modes o f  th e  f i b r e  w i l l  s u f f e r  l o s s  
u n le s s  th e  c o n d i t io n  p>kg i s  s a t i s f i e d .  S i m i l a r l y  th e  e f f e c t i v e  in d i c e s  
o f  th e  guided modes o f  a r i b  waveguide must be h ig h e r  than  th a t  o f  the  
fundam en ta l s l a b  mode kg, o r  must s u f f e r  le ak ag e .  Arnaud d e r iv e s  an 
approx im ate  a n a l y t i c a l  e x p re s s io n  fo r  the  r a t e  o f  le a k a g e  from a  f i b r e  
i n t o  a  p la n a r  f i l m  in  th e  weakly coupled case  o f  l a r g e  D. This  fo l lo w s  
from th e  a n a l y s i s  o f  f i lm - p r i s m  mode s in k in g  thus ;
I f  t h e  w id th  o f  t h e  s l a b  i s  and t h e  f i l m  mode c o m p o n en ts  a r e  
r e l a t e d  by;
kg = f ( k g ) :  kg = f ” ^(kg) 3.45
th e n  i t  i s  shown t h a t  the  l o s s  t o  the  f i b r e  mode i s  g iven  by;
O bta ined  from 3.37 by u s in g  N = (kg/k^) 1^/(2%) 3.47
In  th e  case  o f  f i lm - p r i s m  coup ling , i t  was shown t h a t  the  p roduct K^Lx 
te n d s  t o  z e r o  a s  t h e  s u b s t r a t e  d im e n s io n s  t e n d  t o  i n f i n i t y .  However 
f o r  f i b r e - f i l m  coup ling  t h i s  p ro d u c t  r e m a in s  f i n i t e .  T h e r e f o r e  when 
p=kg (and k^  = 0) t h e  l o s s  p r e d i c t e d  by 3.46 i s  i n f i n i t e .  I n  p r a c t i c e  
t h i s  would no t happen s in c e  the p e r tu r b a t io n  method (Equation 3.6a,b)
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on w h ic h  3 .46 was b a se d  I s  th e n  i n v a l i d .  For a f i n i t e  m ism a tc h  (k^ 
f i n i t e )  e q u a t i o n  3.46 w as u se d  t o  c a l c u l a t e  t h e  l e a k a g e  from  a  h i g h l y  
multimode f i b r e  to  a  m ultim ode f i lm .  These l o s s e s  were t y p i c a l l y  lO 's 
o f  dB 's  p e r  km. The m a tc h in g  c o n d i t i o n  f o r  l e a k a g e  was fo u n d  to  be 
t h a t  o f  3.44 above .  However th e  u se  o f  t h e  s y m b o l i c  6- f u n c t i o n  ( i n  
3 .36) r e s u l t s  i n  c o u p l i n g  from  th e  f i b r e  i n t o  a s i n g l e  p la n e  wave 
p ro p a g a t in g  a t  e a c h  a n g l e  +0ms t o  t h e  f i b r e  a x i s .  A p la n e  wave i s  o f  
i n f i n i t e  e x t e n t  t r a n s v e r s e l y  and i f  i t  i s  e x c i t e d  w i th  a f i n i t e  
am p li tu d e  i t  c a r r i e s  i n f i n i t e  power. Both a n a ly se s  a r e  th e r e f o r e  only  
an a p p r o x i m a t i o n  i n  t h i s  r e s p e c t .  I t  i s  n o t  p o s s i b l e  t o  o b t a i n  a 
f i g u r e ,  e i t h e r  f o r  th e  c o u p l i n g  l o s s  f rom  a f i b r e  w i t h  p<kg o r  f o r  a 
t i g h t l y  coupled s t r u c t u r e .  Both a n a ly s e s  a r e  r e s t r i c t e d  to  coup ling  to  
s i n g l e  p la n e  w aves w h ich  i s  p h y s i c a l l y  u n r e a l i s a b l e  b u t  i s  a u s e f u l  
b a s i s  f o r  u nders tand ing  th e  coup lin g  p ro c e ss .  The am p li tu d e  and shape 
o f  th e  beams e x c i te d  i n  th e  f i l m  a r e  d is c u s s e d  f u r t h e r  i n  ch ap te r  5.
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Appendix A.
D e r iv a t io n  o f  coupled  mode p ro p ag a t io n  from coupled  l i n e  e q u a t io n s
The f i e l d s  on th e  coupled g u id e s  a  and b, can be w r i t t e n ;
A = Aq e (x ,y )e x p  jpgZ A .la
B = Bq e(x ,y)exp jp ^ z  A.lb
The coupled  l i n e  e q u a t io n s  a re ;
dA/dz = A* = jPg A + jKbaB A.2a
dB/dz = B' = jpb  B + A.2b
L e t jp a  = C^, jPjj = C2 » = Cg, = C^, th en
A' = CjA + C3B B» = CjB + C4A A .3a ,b
B = A '/Cg -  ACj/Cg A = B '/C j  -  BC2 /C4 A .4a ,b
The second d e r i v a t i v e  o f  A.2a g iv e s
A ' '=  C^A' + CgB'
— C^A + C^CgB + C2C3B + C3C4A 
A ''=  A(cJ + C3C4 ) + BCCjCg + C2C3 ) A.5
S u b s t i t u t i o n  o f  A.4a i n t o  A.5 g i v e s ;
A''= A'(Cl + C2) + A(C3C4 - C1C2) = -A'Cg - AC^
where —Cg = (C i + C2 )» ~ C^ — ^^3^4 ~ ^ 1^ 2^ '
A s i m i l a r  r e s u l t  i s  o b t a i n e d  f o r  B” g i v i n g  a  p a i r  o f  s eco n d  o r d e r  
hcmogeneous e q u a t io n s ;
A ' '+  CgA' + C*A= 0 B ' '+  CgB' + CgB= 0 A. 6
The r o o t s  P+, P_ o f  th e s e  e q u a t io n s  a re  g iven  by;
f  ^  + C5 r +  C5 = 0 A.7
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The r o o t s  a r e  ( j  t im es)  th e  p ro p ag a t io n  c o n s ta n t s  o f  th e  coupled modes 
and a r e  g i v e n  by;
= (-Cg ± (C| -  4Cg)l/2)/2  
P ±  =(Ci+C2)/2 ± ((Cl -  C2>^/4 + C g C ,) ! / !  A.8
L et (Cl + =C<y, (C^—C2 )—6 — JAP , th e n ;
r* = C^+ (5%/4 + C gC jil/Z  = C? ±  Cg where Cg = (6 ^ /4  + CgC^)^^^ A.9 
G enera l S o lu t io n
The g e n e r a l  s o l u t i o n  f o r  two seco n d  o rd e r  homogeneous eq u a t io n s  
w i th  i d e n t i c a l  c o e f f i c i e n t s  i s ;
A(z) = kiexpT+Z + k ifx p fL z ,  B(z) = kgexp f^Z + k^exp f lz  A .lOa.b
The c o e f f i c i e n t s  k i  -  k^ a re  determ ined  by th e  i n i t i a l  c o n d i t io n s .
A(0) = A@ = k i  + k2 B(0) = B@ = kg + k^
k 2 = A@ -  k i  k j  = B@ -  kg A . l l a . b
A'(0) = r+ki + r_k2 -  CiAo + C3B0
k i ( r +  -  P_) = Aj,(Ci -  r _ )  + B0C3 A.12a
With a  s im i l a r  r e s u l t  f o r  B*(0) g iv in g
k3 (P+ -  r_) = BgCCa -  r_) + C4A0 A .12b
g iv in g  th e  c o e f f i c i e n t s  k i  to  k^ a f t e r  some a lg e b ra  a s ;
k i  = Aq/ 2[1 + 6/2Cg] + Bq/ 2 . Cg/Cg A.13a
k2 = A o /2 [ l  -  6/2Cg] -  Bq/2 . Cg/Cg A.13b
kg = Bq/ 2[1 -  6/2Cg] + Aq/ 2 . C*/Cg A.13c
k^ = Bq/ 2[1 + 6/2Cg] -  Aq/ 2 . C,/Cg A.13d
We a r e  i n t e r e s t e d  i n  th e  pow er t r a n s f e r r e d  b e tw e e n  th e  g u id e s .
L e t
Aq = 1 and Bq = 0 then  kg = -k ^  and;
B(z) = kgexpP+z -  kgexpP_z
= kgexpCyZ 2j(expCgZ -  exp -C g z) /2 j
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B(z) = 2 jkgexp(C i s in C g z / j )
B(z)%= c j / c |  sin^C gz/J  A.14
Maximum power i s  t r a n s f e r r e d  when z = (2 n - l)n /(  2Cgj ) n - ln t e g e r  
and i s  g iven  by
Pmt “ C4/(&:/4 + C ,C 4)l/2
= l / ( ( 5 /2 C 4 ) 2  + (C g/C ,)^)  A .15
A. 15 must ho ld  f o r  6=0 so power c o n s e rv a t io n  d i c t a t e s  t h a t
Cg 2  C4 . B ut a s i m i l a r  e x p r e s s i o n  e x i s t s  f o r  B^ = 1, Ag = 4
d i c t a t i n g  t h a t  C^ 2  Cg. Thus we h av e
Cg = C4 = JK A .16
Maximum power t r a n s f e r  i s  g iven  by;
= ( 1 + (AP/2K)^)"^ A.17
The coup lin g  l e n g th  L i s  g iven  by;
L =%/2/(K% + A p 2 /4 ) l /2  A .18
For s y n c h ro n o u s  g u i d e s  Ap = 0 and 100% pow er t r a n s f e r  
o c c u rs  o v e r  a  l e n g t h  L g iv e n  by;
Lg = %/2K A .19
With .coupled mode p ro p a g a t io n  c o n s ta n t s  g iven  by
li = p +K A.20
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C hapter  4 Coupler c o n s t r u c t io n  and m ode-sinking
4 .1  I n t r o d u c t io n
I t  w as e s t a b l i s h e d  i n  c h a p t e r s  2 and 3 t h a t  t r a n s v e r s e  c o u p l in g  
r e q u i r e s  a c c e s s  t o  t h e  e v a n e s c e n t  f i e l d  o f  th e  g u id e d  modes and t h a t  
th e s e  f i e l d s  a r e  l o c a l i z e d  a ro u n d  t h e  g u i d i n g  r e g i o n s .  In  a f i b r e ,  a 
c la d d in g  o f  e f f e c t i v e l y  i n f i n i t e  e x te n t  [ t y p i c a l  O.D. 125pm] su rrounds  
th e  co re  g iv in g  two p o s s ib le  o p t io n s  f o r  t r a n s v e r s e  coupling . The mode 
f i e l d  may be expanded as  dem onstra ted  i n  sandwich r ib b o n  f i b r e s ^  or the  
c l a d d in g  may be ( p a r t i a l l y )  rem o v e d ^ "^ .  Mode f i e l d  e x p a n s io n  i s  
u n s u i t a b l e  fo r  s i l i c a  based f i b r e s  s in ce  they a re  d i f f i c u l t  to  dope and 
f i e l d  e x p a n s i o n  o f  an  o r d e r  o f  m a g n i tu d e  i s  r e q u i r e d  f o r  s i n g l e  mode. 
The m e thod  o f  c l a d d i n g  r e m o v a l  h a s  been  u sed  s u c c e s s f u l l y  t o  p e r t u r b  
th e  e v a n e s c e n t  f i e l d  o f  s i l i c a  f i b r e s  to  b u i l d  c o u p l e r s  and o t h e r  
d e v ic e s .
In  t h i s  c h a p t e r  th e  f a b r i c a t i o n  o f  t h e  TVC i s  d e s c r i b e d  and 
compared w i t h  o t h e r  r e d u c e d - c l a d d i n g  c o u p l e r s .  The p ro b le m s  and 
ad v a n ta g e s  o f  t h i s  g e o m e try  a r e  e x p l a i n e d .  The use  o f  th e  TVC i n  
f ib r e - p a r a m e te r  a n a l y s i s  i s  d e s c r i b e d  and t h e  r e s u l t s  o b t a i n e d  a r e  
a n a ly se d  u s i n g  F r a u n h o f e r  d i f f r a c t i o n  d e r i v e d  f rom  th e  p a r a x i a l  
ap p ro x im a tio n  and th e  p la n e  wave d e c o m p o s i t i o n  o f  an o p t i c a l  beam. 
P lane  wave decom position  i s  l a t e r  used i n  c h a p te r  5 i n  th e  a n a l y s i s  o f  
f i b r e - f i l m  coupling .
4 .2  Evanescent f i e l d  a c c ess
Prism  coup lin g  from a s ing le -m ode f i b r e  was dem onstra ted  by Hsu in  
1976^. The f i b r e  was p l a c e d  i n  a p r e f e r e n t i a l l y  e t c h e d  s i l i c o n  v -  
groove^O and p o l i s h e d  to  w i t h i n  a few  m ic ro n s  o f  th e  c o re .  A h ig h  
in d ex  p r ism  was then  used to  remove th e  HE^^ mode power. Also i n  1976 
a  c o u p le r  was c o n s tru c te d  by p u l l in g  2 h ea ted  f i b r e s ,  form ing b ic o n ic a l  
t a p e r s  and p la c in g  them in  c lo se  p ro x im ity ^ .  This was a fo re ru n n e r  o f  
th e  f u s e d  b i c o n i c a l  t a p e r e d  c o u p l e r ^  i n  w h ich  two o r  more f i b r e s  a r e  
p u l l e d  and  f u s e d  t o g e t h e r  s i m u l t a n e o u s l y ,  f o rm in g  an e f f i c i e n t ,  
p a s s iv e ,  a l l - f i b r e  c o u p l e r .  I n  a s i m i l a r  t e c h n iq u e  f i b r e s  t w i s t e d  
t o g e th e r  were e tch ed  u n t i l  the  c ladd ing  th ic k n e s s  was s u f f i c i e n t l y  low 
to  a l l o w  c o u p l i n g ^ .  Once made th e  pow er s p l i t t i n g  r a t i o  o f  t h e s e  
f i b r e - c o u p l e r s  rem ained f ix ed .
A tu n a b le  f i b r e - f i b r e  coup le r  was developed by Bergh e t  a l  g iv in g
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any d e s i r e d  c o u p l i n g  r a t i o  w i th  v e ry  low i n s e r t i o n  l o s s  and  c r o s s  
t a l k ^ ' ^ .  T h i s  c o u p l e r ,  known a s  th e  'S t a n f o r d  c o u p l e r '  o r  'p o l i s h e d  
d i r e c t i o n a l  c o u p le r '  (PDC) was co n s tru c te d  by p o l i s h in g  away the  f i b r e  
c la d d in g .  The f i b r e  ( f o r  each  h a l f  o f  th e  c o u p l e r )  w as bonded i n t o  a 
g roove i n  a s i l i c a  s u b s t r a t e  b lo c k .  The g ro o v e  had  a r a d i u s  o f  
c u rv a tu re  o f  t y p i c a l l y  25cm and was formed u s in g  a  w ire  saw. Extreme 
c a re  was n e c e s s a r y  to  m a i n t a i n  an  a c c u r a t e  r a d i u s  o f  c u r v a t u r e .  The 
p o l i s h e d  f i b r e  s u r f a c e  w as i n  th e  same p la n e  a s  th e  s u b s t r a t e  b lo c k ,  
f i g u r e  4.1a and i n  shape i s  th e  c r o s s - s e c t io n  o f  a  to ru s .
This  a l l o w e d  th e  p o l i s h e d  f i b r e s  to  be a c c u r a t e l y  and s t a b l y  
superim posed f i g u r e  4.1b. The coupling  r a t i o  was tuned  by t r a n s l a t i n g  
the  f i b r e s  i n  the  x - d i r e c t i o n .  A s im i l a r  tech n iq u e  which a l s o  gave a 
0-100% t u n i n g  r a n g e  was d e v e lo p e d  by P a r r i a u x  e t  a l ^ .  I n  t h i s  
experim en t an a c c u ra te  c u rv a tu re  was provided by bonding th e  f i b r e  to  a 
p lano-convex  l e n s  o f  known f o c a l  l e n g th .  The s o l u t i o n  em ployed  by 
Nayar^ t o  th e  p ro b le m  o f  a c c u r a t e  c u r v a t u r e  w as t o  p o l i s h  an e n t i r e  
b lock  to  a known c u rv a tu re  i n  one d i r e c t io n .  The b lock  was then  s l i c e d  
i n t o  t h i n  s t r i p s  h a v in g  c o n s i s t e n t  p a r a m e t e r s .  These  s t r i p s  w ere  i n  
tu r n ,  c e m e n te d  b e tw e e n  r e c t a n g u l a r  b lo c k s  f i g u r e  4 .1c  and c o u p le r  
f a b r i c a t i o n  p ro c e e d e d  a s  i n  r e f .  6. In  each  p o l i s h e d  f i b r e  t e c h n iq u e  
th e  epoxy was chosen because of p o l i sh in g  h a rd n ess  r a t h e r  than  o p t i c a l  
index . S i m i l a r l y  the  s i l i c a  s u b s t r a te  b locks were not chosen f o r  index 
m atching  a s  n e i t h e r  th e  epoxy o r  s u b s t r a t e  b lo c k s  a r e  i n  c l o s e  
p ro x im ity  t o  th e  mode f i e l d .
4 .3  The ta p e re d  V-groove coup le r
The TVC was o r i g i n a l l y  s u g g e s te d  by M i l l a r ,  a s  a m ethod o f  
red u c in g  th e  a l ig n m en t  to l e r a n c e s  i n  f i b r e - f i b r e  coupling^^ . The work 
d e s c r ib e d  h e re ,  r e l a t i n g  to  f i b r e - f i l m  coupling  i s  t h a t  o f  the  au tho r.  
A sch em a tic  diagram  of th e  f i b r e - f i l m  coupler c o n s t ru c t io n  i s  shown in  
f i g u r e  4 .2 . A t a p e r e d  g ro o v e  was c u t  i n  a s i l i c a  s u b s t r a t e  b lo c k ,  
f i g u r e  4 .2a .  A s i n g l e  mode f i b r e  was th e n  bonded i n t o  th e  g ro o v e  
( f i g u r e  4 .2a )  and th e  b lo c k  was s u b s e q u e n t ly  p o l i s h e d  g i v i n g  an 
o p t i c a l l y  smooth s u r fa c e  ( f ig u re  4.2c). The f i b r e  form s an e l l i p s e  a t  
t h i s  s u r fa c e  and was p o l i sh e d  through com plete ly .  The p o l ish e d  block 
was s u i t a b l e  f o r  t h i n  f i l m  d e p o s i t i o n  ( f i g u r e  4 .2 d ) .  The end o f  th e  
groove was f u r t h e r  r e c e s s e d  to  in c o rp o ra te  a p r o te c t iv e  f i b r e  s leev in g  
which reduced  f i b r e  breakage a lm ost to  n i l .  By m easuring the  le n g th  L, 
o f  t h e  s u r f a c e  e l l i p s e  w i th  a t r a v e l l i n g  m ic ro s c o p e  and know ing th e
45
P o lish ed  f i b r e  s u r fa c e
Epoxy
S i l i c a  s u b s t r a t e  b lock
F ib re
Cladding
Coupling r e g io n
I ---------------------|
O il  Gap
core
1 / 1
r n n i ô t o
F ig u re  4 .1 a  H a lf  o f  S tan fo rd  c o u p le r  showing f i b r e  s e t  i n  s i l i c a  
b lo c k .
b Coupler assembly, tu n a b le  by movement i n  th e  +x d i r e c t i o n .  
The core  to  s u r fa c e  d i s t a n c e s  d^^ p lu s  th e  m atching o i l  
f i lm  th ic k n e s s  e q u a ls  th e  core  s e p a r a t io n .
c)
Fused s i l i c a  b lo ck s
fu sed  s i l i c a  s l i v e r
t o  In c o rp o ra te  
S le e v in g .
S u p e r s t r a t e  ( a i r  o r  s i l i c a )
High index  f i lm
Epoxy,
S i l i c a  s u b s t r a t e  b lo ck .
F ig u re  4 .1 c  Coupler c o n s t r u c t io n  f a c i l i t a t i n g  c o n t r o l l e d  f i b r e  
c u r v a t u r e .
d Geometry o f  f i b r e - f i l m  coup ling  u s in g  PDC ( c r o s s - s e c t io n )
M
o
•H
•H
O
LL (D E0)
c e
fibre outside diameter OD, the groove angle, 8^  was obtained as;
tanG j^ = OD/L 4 .1
O p tic a l  power was i n i t i a l l y  coupled between th e  f i b r e  and f i lm ,  i n  
th e  r e g io n  a d ja c e n t  to  the  exposed core ( f ig u re  4.3) where the  c lad d in g  
was only  a few m icrons th ic k .  The f i b r e  and f i lm  were n o n - p a r a l l e l  and 
t h e i r  c o u p l in g  b e h a v io u r  w as a n a l a g o u s  t o  t h e  b r a n c h i n g  g u i d e  
s t r u c t u r e s  t r e a t e d  by F in d a k ly ^ ^  w i th  b r a n c h in g  a n g l e  8^ .  (T h is  was 
d is c u s se d  in  c h a p te r  3.3.5.) The p la n a r  th in  f i lm  was formed d i r e c t l y  
on to  th e  p o l i s h e d  s u r f a c e  and was t h e r e f o r e  i n t i m a t e l y  and r i g i d l y  
a l ig n e d  w i th  th e  f i b r e .  T h is  i s  e s s e n t i a l  to  s t a b l e  d i r e c t i o n a l  
coup ling .  A d d i t i o n a l  p r o c e s s i n g  s t e p s  such  as  th e  f o r m a t i o n  o f  a r i b  
or channel gu ide  were perform ed a f t e r  the  f i b r e  and f i lm  were a l ig n e d  
i n  t h i s  way. (See C h a p te r  6.) The a d v a n ta g e s  and d i s a d v a n t a g e s  o f  
t h i s  approach to  f i b r e - f i l m  coup ling  a re  d iscu ssed  below.
4 .3 .1  Advantages o f  the  TVC fo r  f i b r e - f i l m  coup ling
There w ere  f o u r  m ain  a d v a n t a g e s  t o  t h i s  g e o m e try .  F i r s t l y  th e  
groove was s t r a i g h t ,  i . e .  t h e r e  w ere  no p ro b le m s  a s s o c i a t e d  w i t h  
c u rv a tu re  c o n t ro l .  Secondly the  c o re / s u r f a c e  gap d^Q a PDC ( f ig u r e  
4 ,1b ) i s  a d i f f i c u l t  p a r a m e te r  to  e s t i m a t e ^ ^ .  One g ro u p ^ ^  h a s  
abandoned th e  a c c u r a t e  c o n t r o l  o f  d^Q and h a s  p o l i s h e d  each  h a l f ­
c o u p le r  b lo c k  u n t i l  t h e  c o re  was b i s e c t e d ,  f o rm in g  a z e r o - g a p  
d i r e c t i o n a l  coup le r .  The gap d^Q c o n t ro l s  the  coup ling  s t r e n g th  and i s  
d i f f i c u l t  to  d e f in e  s in ce  the  f i b r e  i s  not e x a c t ly  s te p  index. T h ird ly  
th e  t o t a l  c o u p l in g  s t r e n g t h  ( e q u a t io n  3 .19)(  f i b r e  t o  f i l m )  was 
c o n t r o l l a b l e  by v a r y in g  th e  a n g l e  8^ a t  w hich  th e  g ro o v e  was c u t .  
F o u r th ly ,  t h e  c o u p l e r  g e o m e try  was s u i t a b l e  f o r  m u l t i  i n p u t - o u t p u t  
d ev ice s  ( f ig u re  4.4) and dev ices  r e q u i r in g  a long i n t e r a c t i o n  le n g th  i n  
th e  f i l m  r e g i o n ,  e .g .  n o n - l i n e a r  d e v ic e s^ '* .  The im p o r ta n c e  o f  
t r a n s v e r s e  c o u p l in g  i n  g e n e r a l  i s  t h a t  i t  o f f e r s  low i n s e r t i o n  l o s s ,  
i . e .  the  e f f i c i e n c y  o f  power t r a n s f e r  i s  t h e o r e t i c a l l y  very  high.
4 .3 .2  Problems o f  the  TVC fo r  f i b r e - f i l m  coupling
The p r i n c i p l e  d isadvan tage  o f  the  TVC compared to  the  PDC ( f ig u re  
4 . Id) i s  t h a t  ( ig no ring  coupling  to  backward modes) th e  form er i s  a two 
p o r t  d e v ic e  w h i l e  th e  l a t t e r  i s  a t h r e e  p o r t  d e v i c e .  In  th e  PDC any
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l i g h t  n o t  c o u p le d  i n t o  t h e  f i l m  i s  t r a n s m i t t e d  i n  th e  f i b r e  w h i l e  i n  
th e  TVC u n c o u p le d  l i g h t  i s  l o s t .  L i g h t  r e m a in in g  i n  t h e  f i b r e  a t  
r e g io n  B ( f i g u r e  4 .3) i s  no lo n g e r  g u id e d  by th e  f i b r e  c o re  s in c e  th e  
co re  i s  now bounded by a h igh index reg ion .  In  the geom etry o f  f ig u r e
4 .3  i t  i s  c l e a r  t h a t  t h e r e  i s  z e ro  t r a n s m i s s i o n  i n  t h e  a b s e n c e  o f  a 
f i l m  w h ile  th e  PDC en joys  a very  high t r a n s m is s io n  l e v e l  i n  i s o l a t i o n .  
In  o r d e r  to  b u i l d  a low  i n s e r t i o n  l o s s  d e v i c e  u s in g  t h e  TVC i t  i s  
n e c e ssa ry  t o  a c h i e v e  p h a se  s y n c h ro n ism  a t  b o th  t h e  i n p u t  and o u tp u t  
f i b r e s .  W ith  th e  S t a n f o r d  c o u p le r  i t  i s  s u f f i c i e n t  to  a l t e r  th e  
s p e c t r a l  t r a n s m i s s i o n  T ^ )  o f  th e  f i b r e ,  by p e r t u r b i n g  th e  e v a n e s c e n t  
f i e l d ,  t o  make a d e v i c e .
A s e c o n d  d i s a d v a n t a g e  o f  th e  TVC l i e s  i n  th e  c h o ic e  o f  bond ing  
m a te r i a l .  I t  c o n s t i t u t e s  t h e  f i l m  s u b s t r a t e  o v e r  a l e n g t h  S a t  th e  
in p u t  and ou tpu t  f i b r e s .  I f  the  s u b s t r a t e  i s  o f  high index  or i s  lo s sy  
th e n  th e  f i lm  t r a n s m is s io n  w i l l  be reduced. The le n g th  o f  t h i s  r eg io n  
i n  f a b r i c a t e d  c o u p l e r s  h a s  been a t  l e a s t  2mm. The b o n d in g  m a t e r i a l  
th e r e f o r e  should , be o f  a s i m i l a r  index  and t ran sp a re n cy  to  s i l i c a ,  be 
s u i t a b l e  f o r  f u r t h e r  p r o c e s s i n g ,  (e .g .  s h o u ld  w i t h s t a n d  th e  e l e v a t e d  
te m p e ra tu re s  o f  CVD) and be o f  a s im i l a r  p o l i s h in g  h ardness  to  s i l i c a .
The most obvious m a te r i a l  then i s  s i l i c a ,  a p p l ie d  i n  m olten  form. 
However th e  d i f f i c u l t y  o f  a c c u r a t e l y  h a n d l i n g  m o l te n  s i l i c a  ( a t  > 
1100°C) and  th e  e f f e c t  o f  t h i s  t e m p e r a t u r e  on th e  s il ica -B A S E D  f i b r e  
p re c lu d e  i t s  u s e .  A f l u o r i n e  based  g l a s s  S c h o t t  FK54 w i t h  an in d e x  
s l i g h t l y  low er  than  s i l i c a  and a g la s s  t r a n s i t i o n  (Tg) te m p era tu re  of 
<700°C i s  a v a i l a b l e .  T h is  t e m p e r a t u r e  was how ever c o n s id e r e d  to  be 
im p r a c t i c a l  w ith  the  f a c i l i t i e s  a v a i la b le .  Lower m e lt in g  p o in t  g la s s e s  
( s o ld e r  g l a s s e s )  w ere  a v a i l a b l e  b u t  th e y  had a h ig h  l e a d  c o n t e n t  to  
reduce  Tg which r a i s e d  t h e i r  r e f r a c t i v e  index.
A num ber o f  o p t i c a l l y  t r a n s p a r e n t  e p o x i e s  w ere  a v a l a b l e .  ( s e e  
e .g .  r e f  16) These w ere  t e s t e d  and i t  was found  t h a t  th o s e  h a v in g  a 
low r e f r a c t i v e  index  were too  s o f t  w hile  those  o f  s u f f i c i e n t  p o l i sh in g  
h a rd n e ss  had a h ig h  r e f r a c t i v e  in d e x ,  t y p i c a l l y  n^ = 1.54. O th e r  
m a te r i a l s  such  a s  s h e l l a c  and v a r i o u s  c l e a r  w axes w ere t r i e d  a s  was 
c y n a n o -a c ry la te  a d h e s iv e .  None had s u f f i c i e n t  s t r e n g t h  to  r e t a i n  th e  
f i b r e  i n  th e  t a p e r e d  g ro o v e  d u r in g  p o l s h in g .  In  th e  a b se n c e  o f  a 
m a te r i a l  s a t i s f y i n g  the  c r i t e r i a  l i s t e d  above a commercial epoxy having 
e x c e l l e n t  p o l i s h in g  ha rd n ess  and chem ical r e s i s t a n c e  w ith  an o p e ra t in g  
tem p era tu re  o f  up to  300°C was used. The epoxy was w hite  in  co lour and 
had a markedly d i f f e r e n t  index  from s i l i c a .  The e f f e c t  o f  t h i s  index  
d i f f e r e n c e  was i n v e s t i g a t e d  by fo rm in g  a w avegu ide  on th e  s i l i c a
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s u b s t r a t e  b lo c k  and  a t t e m p t i n g  to  g u id e  l i g h t  i n  t h e  r e g i o n  w here  th e  
epoxy i s  the  waveguide s u b s t r a te .  This i s  shown in  Chapter 6.
The u se  o f  such  a com prom ise  m a t e r i a l  s i g n i f i c a n t l y  re d u c e d  th e  
range o f  t e c h n i q u e s  by w h ich  t h i n  f i l m  g u id e s  c o u ld  be fo rm ed  and 
l i m i t e d  th e  c o u p le r  arrangem ents  g iv in g  low i n s e r t i o n  lo s s .  Epoxy i s  
u n s u i t a b le  f o r  vacuum p ro cess in g  in  g en e ra l  and f o r  'h o t '  p ro ces se s  in  
p a r t i c u l a r .  CVD, r . f .  s p u t t e r  d e p o s i t i o n ,  c h a l c o g e n i d e  g l a s s  
e v a p o ra t io n  ( w i th  a s s o c i a t e d  p o s t - a n n e a l i n g )  and r e a c t i v e  io n  beam 
s p u t t e r i n g  were a l l  d iscoun ted . Although the  ex p e r im e n ta l  arrangem ent 
d e s c r ib e d  i n  C h a p te r  5 gave  low i n s e r t i o n  l o s s  f o r  f i b r e - f i l m - f i b r e  
co u p l in g  i t  was e n t i r e l y  u n s u i ta b le  fo r  the proposed dev ice  s t r u c t u r e  
o f  f i g u r e  4.4. Waveguide fo rm atio n  was l i m i t e d  to  d ip  co a t in g  and the  
use o f  f l i p - c h i p s .
The f u t u r e  d e v e lo p m e n t  o f  th e  TVC w i l l  r e q u i r e  a more s u i t a b l e  
bonding m a te r i a l .  I t  i s  p robable  th a t  a c o n s id e ra b le  re s e a rc h  e f f o r t  
would y i e l d  an a p p a ra tu s  capable  of hand ling  FK54 g l a s s  s a t i s f a c t o r i l y .  
This  problem was she lved  when i t  became ap p a re n t  t h a t  i t  would dominate 
th e  r e s e a r c h  e f f o r t .
4 .3 .3  C u tt in g  and p o l i sh in g
The s u r f a c e  p r o f i l e  o f  a p o l i s h e d  TVC w i t h  MCVD f i b r e  i s  
shown i n  f i g u r e  4 .5 . The p r o f i l e  was e x am in ed  u s in g  a M ic h e lso n  
i n t e r f e r e n c e  m ic ro s c o p e  w hich  p ro d u c e s  f r i n g e s  a c c o r d in g  to  th e  
d e v ia t io n  o f  th e  (nom inally  f l a t )  sample s u r fa c e  from the  ( f l a t )  fo c a l  
p lane  o f  t h e  l e n s  s y s te m .  A d ip  i n  th e  f r i n g e s  c o r r e s p o n d s  t o  a d ip  i n  
s u r f a c e  h e i g h t .  The sam p le  was a t  a s m a l l  a n g l e  t o  th e  m ic ro s c o p e  
r e f e r e n c e  plane r e s u l t i n g  i n  a la rg e  number o f  f r in g e s .  The d ip  in  the  
epoxy r e g i o n  c o n f i r m e d  t h a t  i t s  p o l i s h i n g  h a r d n e s s  was s l i g h t l y  
i n f e r i o r  to  t h a t  o f  s i l i c a .  I n  a d d i t i o n  th e  c e n t r a l  r e g i o n  o f  th e  
f i b r e  p r e f o r m  d e p o s i t e d  by MCVD was m a r g i n a l l y  s o f t e r  th a n  th e  
su rro u n d in g  f i b r e .
The t a p e r e d  v —g ro o v e  was c u t  w i th  a s h a r p - f a c e d  diam ond w hee l  
des igned  f o r  d e c o ra t io n  o f  c r y s t a l  g lass^T , f ig u r e  4.6a. The hardness  
o f  th e  w heel, o f  s i l i c a  and the  speed o f  r o t a t i o n ,  must be balanced or 
the  d iam ond  im p r e g n a t i o n  i s  s t r i p p e d  from  th e  g r i n d i n g  w h e e l .  I t  
q u ic k ly  emerged th a t  the  su r fa c e  g r in d e r  i n  th e  E ngineering  Department 
workshop w as to o  f a s t  and g ro o v e s  w ere  t h e r e f o r e  c u t  i n  BTRL. I  am 
in d e b te d  to  A.Gotts, o f  BTRL fo r  the  p a in s ta k in g  m anufacture  of the  TVC 
grooves used i n  th e se  experim en ts .
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wDiamond impregnated 
  Inc luded  ang le
V
End s e c t io n  o f  sharp  face d ,  
diamond im pregnated , g r in d in g  
wheel w ith  90° in c lu d e d  a n g le .  
Other a n g le s  were a v a i l a b l e .
Diamond wheel
S i l i c a  b lock
Block o f  a c c u r a te ly  known ang le
S u rface  g r in d e r ,  movements |  and <—»
F ig u re  4 .6  Schem atic diagram o f  g r in d in g  arrangem ent f o r  c u t t i n g  
ta p e re d  v -g rooves .
A t h i r d ,  more m inor  p rob lem  i n  TVC f a b r i c a t i o n  was th e  d e v ic e  
le n g th .  The l o n g e s t  d e v i c e ,  h a v in g  o n e - i n p u t - o u t p u t  f i b r e  was 110mm 
long  and had  a b r a n c h in g  a n g le  o f  = 0 .5 0 ° .  At t h i s  a n g l e  th e  
e l l i p s e  l e n g t h  f o r  125pm OD f i b r e  was 14.324mm. Thus f o r  f i b r e - f i l m  
f i b r e  co u p lin g  th e  l i g h t  had to  propagate  a t  l e a s t  t h i s  d is ta n c e  in  th e  
f i l m  w a v e g u id e  and a t y p i c a l  d i s t a n c e  was 20mm. The d e v ic e  l e n g t h  
could  be s h o r t e n e d  w i t h o u t  a l t e r i n g  by th e  u se  o f  bend r e s i s t a n t  
f ib r e ^ S ,  A s i n g l e  i n p u t  s i n g l e  o u tp u t  d e v i c e  w i th  B|^=1.25° and a 
le n g th  o f  50mm i s  shown i n  f ig u r e  4.7.
Once t h e  m a n u f a c tu r i n g  c o n d i t i o n s  w ere  e s t a b l i s h e d ,  TVC b lo c k s  
such a s  t h a t  shown i n  f i g u r e  4.7 w ere  made r o u t i n e l y .  I t  was 
n e v e r th e le s s  a h ig h ly  s k i l l e d  and tim e  consuming p ro cess .  For c e r t a i n  
a p p l i c a t i o n s  such as  an i n - l i n e  f i b r e  f i l t e r  (see Chapter 5) where the  
s u b s t r a t e  may be any h a rd  m a t e r i a l ,  i t  may be p o s s i b l e  to  i n j e c t i o n  
mould th e  TVC block. This has been s u c c e s s f u l ly  dem onstra ted  fo r  the 
PDC w i th i n  BTRL^^.
4 .4  Mode s in k in g  and ESI measurement
Having e s ta b l i s h e d  a r e l i a b l e  m anufac tu r ing  te ch n iq u e ,  p re l im in a ry  
experim en ts  to  c h a r a c t e r i s e  t h e  TVC w ere  c a r r i e d  o u t .  I n  a s im p le  
experim ent l a s e r  l i g h t  a t  633nm was launched i n t o  th e  f i b r e  p i g t a i l .  A 
drop o f  o i l  o f  in d e x  n^ > 1.50 was p la c e d  on th e  TVC b lo c k ,  o v e r  th e  
c la d d in g  e l l i p s e  and th e  l i g h t  was observed to  couple  e n t i r e l y  in to  th e
o i l .
Access t o  th e  e v a n e s c e n t  f i e l d  o f  th e  f i b r e  mode was e x p e c te d  to  
p rov ide  an i n t e r e s t i n g  method o f  f i b r e  c h a r a c t e r i s a t i o n .  As exp la ined  
i n  C h a p te r  2 t h e  e f f e c t i v e  in d e x  o r  p r o p a g a t i o n  c o n s t a n t  o f  a w eak ly  
g u id in g  f i b r e  may be o b ta ined  by v a r io u s  methods. These methods d e r iv e  
th e  l o n g i tu d in a l  q u a n t i ty  p from a t r a n s v e r s e  measurement o f  mode spot 
s i z e ,  r e f r a c t i v e  index  p r o f i l e  etc.^® '^^. By prism  coupling  l i g h t  from 
th e  f i b r e  i t  would be p o s s ib le  to  o b ta in  p d i r e c t l y ,  a f t e r  c o r r e c t in g  
f o r  th e  e f f e c t  o f  the coupled prism . In  the p resence  o f  the  h igh index  
prism , o r  mode s i n k ,  th e  f i b r e  mode i s  l e a k y  and pow er i s  l o s t  t o  th e  
mode s in k .  I t  was shown in  Chapter 3.5 t h a t  th e  r a d ia te d  l i g h t  emerges 
i n  t h e  p r i s m  a t  a c h a r a c t e r i s t i c  a n g l e  d e t e r m in e d  by th e  p r is m  in d e x  
and th e  f i b r e  p ropaga t ion  co n s tan t  p. The e x p e r im en ta l  arrangem ent fo r  
f i b r e  p rism  coup ling  i s  desc r ibed  below.
4 .4 .1  Prism  coupling  to  few mode f i b r e s
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I n i t i a l l y  e x p e r i m e n t s  w ere  c a r r i e d  o u t  a t  633nm on f i b r e s  w h ich  
were s in g le  moded a t  1.3|im. These f i b r e s  had app rox im ate ly  4 LP modes 
a t  t h i s  w a v e le n g th .  By e s t a b l i s h i n g  th e  e f f e c t i v e  i n d i c e s  o f  t h e s e  
modes, fo u r  p o in t s  on th e  f i b r e  d is p e r s io n  curve a re  known. Repeating  
t h i s  m e a su re m e n t  a t  l o n g e r  w a v e le n g th s  g i v e s  t h e  a c t u a l  f i b r e  
d i s p e r s io n  c u rv e .  T h is  c o u ld  th e n  be f i t t e d  t o  some e q u i v a l e n t  s t e p  
in d ex  f i b r e .  The a p p a r a t u s  i s  shown i n  f i g u r e  4.8. Four d i f f e r e n t  
f i b r e s ,  s i n g l e  mode a t  1.3pm w ere  i n c o r p o r a t e d  i n t o  TVC b lo c k s  to  
a s s e s s  the s e n s i t i v i t y  o f  the techn ique .
L igh t was la u n c h e d  i n t o  th e  c l e a v e d  f i b r e  end u s in g  a t e l e s c o p e .  
The launch  was op tim ized  by a d ju s t in g  the x -y -z  movement which had a 
s e n s i t i v i t y  o f  0.1pm. A s h o r t  l e n g t h  o f  th e  f i b r e  j a c k e t i n g  was 
removed and the  bared s e c t io n  immersed in  a h igh  index  o i l  to  s t r i p  out 
f i b r e  c l a d d i n g  modes. The r e m a in in g  p a r t  o f  th e  f i b r e  p i g t a i l  had no 
sm all r a d i u s  b en d s  (< 10cm). The TVC (w hich  had = 1°) was h e l d  
a g a in s t  a s m a l l  p r i s m  by a clam p w i th  a p r e s s u r e  a d j u s t i n g  s c re w .  A 
l i q u i d  o f  index  low er than  s i l i c a  was i n s e r t e d  in  th e  TVC-prism gap by 
c a p i l l a r y  a c t i o n .  T h is  was to  i n c r e a s e  th e  e x t e n t  o f  t h e  f i b r e  
ev an escen t  f i e l d  w h ich  d e c a y s  a c c o r d in g  to  e x p C - j k ^ C n ^ - n ^ ) T h e  
f i e l d  s t r e n g th  i n  th e  prism was a l s o  a d ju s te d  by v a ry ing  the  gap w id th  
u s in g  the p re s s u re  screw.
In  o r d e r  to  c o u p le  i n t o  th e  TVC a second  l a s e r  was u se d .  The 
o u tp u t  from  th e  p r i s m  was s p a t i a l l y  f i l t e r e d  u s in g  a p a i r  o f  s l i t s  
s e p a ra te d  by approx im ate ly  30cm. The second l a s e r  was s i t u a t e d  behind 
the  s l i t s  i n  a p o s i t i o n  w here  r a d i a t e d  l i g h t  from  th e  p r i s m  was 
in c id e n t  on th e  l a s e r  end f a c e .  I t  was th e n  r e l a t i v e l y  s t r a i g h t  
forw ard  to  l a u n c h  l i g h t  from  th e  second  l a s e r  i n t o  t h e  f i b r e  v i a  th e  
prism. In  t h i s  c a s e  th e  s c r e e n  was p la c e d  a t  p o s i t i o n  (a) t o  v iew  th e  
f i b r e  f a r  f i e l d  mode p a t te rn .
The second l a s e r  was a l s o  used to  determ ine an angu la r  r e f e r e n c e
p o in t  ( th e  n o rm a l  to  th e  e x i t  f a c e  o f  th e  p r i s m )  f o r  p r i s m  c o u p l in g
measurements. L igh t in c id e n t  on the  prism when normal to  th e  beam was
r e f l e c t e d  back  to  th e  l a s e r  and th e  s p o t  o b s e rv e d .  The a n g u l a r
p o s i t i o n  on t h e  0 movement was n o te d  a t  n o rm al i n c i d e n c e .  A sem i xy
t r a n s p a r e n t  s c r e e n  w i th  a r e f e r e n c e  l i n e  m arked on i t  was p la c e d  a t  
p o s i t i o n  b. The l a s e r  spo t was a l ig n e d  w ith  the  r e fe re n c e  l i n e  and th e  
second l a s e r  e x t i n g u i s h e d .  The r a d i a t e d  l i n e s  from  th e  p r i s m  w ere  
subsequen tly  a l ig n e d  w ith  the  re fe re n c e  mark and the  angu la r  rea d in g  on 
th e  movement noted. A s im i l a r  techn ique , o f  f in d in g  the normal to
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th e  p r ism  base and e x i t  f a c e ,  was used to  measure the  prism  ang le  9^, 
R e s u l t s
The f a r  f i e l d  r a d i a t i o n  from  a p r is m  i s  n o r m a l ly  i n  t h e  fo rm  o f  
l i n e s ,  known as  m—l i n e s ,  s in c e  each mode has  a c h a r a c t e r i s t i c  ang le  and 
hence g i v e s  r i s e  t o  a c h a r a c t e r i s t i c  l i n e ^ ^ .  For a  f i b r e  w i th  4 LP 
modes, f o u r  d i s t i n c t  l i n e s  w ere  e x p e c te d  ( f i g u r e  4 .9 a ) .  In  f a c t  th e  
prism  o u tp u t  c o n s is te d  o f  more than 100 r e s o lv a b le  l i n e s .  These were 
c l e a r l y  n o t  mode l i n e s .
A m e a s u re m e n t  was made o f  th e  i n t e n s i t y  o f  t h e s e  l i n e s  o v e r  a 
c e n t r a l  c r o s s  s e c t i o n  ( f i g u r e  4 .9a)  u s in g  a p h o to d io d e  m ounted  on a 
m o to r ised  s t a g e  ( f i g u r e  4 .9 b ) .  The r e s o l u t i o n  o f  th e  m e a su re m e n t  was 
improved by p l a c i n g  a s l i t  i n  f r o n t  o f  th e  d io d e .  A s e c t i o n  o f  a 
t y p i c a l  p l o t  i s  shown i n  f ig u r e  4.9c. I t  was thought t h a t  t h i s  e f f e c t  
was c a u s e d  by i n t e r f e r e n c e  b e tw e e n  two (o r  m ore)  beam s and t h i s  was 
su p p o r ted  by i n t e r p r e t a t i o n  o f  the  coupler geom etry ( f ig u re  4.10a).
F ig u re  4 .10a  show s a s c h e m a t i c  c r o s s  s e c t i o n  o f  th e  f i b r e - p r i s m  
co u p l in g  a rrangem en t.  In  r e g io n  A the  f i b r e  mode p ropaga t ion  c o n s ta n ts  
were a l m o s t  i d e n t i c a l  t o  th o s e  o f  th e  f i b r e  i n  i s o l a t i o n .  T h is  gave  
r i s e  t o  a beam a t  t h e  C erenkov  a n g le  9^^^ i n  t h e  f i l m ,  f o r  each  mode m 
where;
ems j^ = cos'^O m /k^np) 4 .2
In  r e g io n  B the  ta p e red  f i b r e  reg io n  behaved an a lag o u s ly  to  the p la n a r  
f i lm  t a p e r  d e s c r i b e d  i n  c h a p t e r  3 .4 .3. The l i g h t  i n  mode m i s  l e s s  
w e l l  g u id e d  i n  t h e  t a p e r  s i n c e  th e  e f f e c t i v e  c o re  s i z e  i s  s m a l l e r .  
Experim ents  c o n d u c te d  on f i b r e s  w hich  had been  h e a t e d  and p u l l e d  i n t o  
t a p e r s ^ ^ '^ 4  h ave  shown a s i m i l a r  phenomenon. As th e  c o r e  r a d i u s  was 
d ec reased  th e  mode was l e s s  w e l l  guided e v e n tu a l ly  becoming c u t - o f f  and 
r a d i a t i n g .
In  t h i s  case ,  th e  core  tap e red  a sy m m etr ic a lly  and was p a r t l y  c lad  
w ith  a l i q u i d  o f  in d e x  c l o s e  to  bu t n o t  i d e n t i c a l  t o  t h a t  o f  s i l i c a .  
Although t h i s  r e n d e r e d  th e  c a l c u l a t i o n  o f  th e  e f f e c t i v e  in d e x  v e ry  
d i f f i c u l t  th e  c e n t r a l  p o in t  remained v a l id ,  i .e .  th e  e f f e c t iv e  index  o f  
th e  m ^  mode decreased . Thus the  l i g h t  ev an e sc en tly  coupled from the  
ta p e re d  f i b r e  r e g i o n  had a l a r g e r  mode s i n k i n g  a n g l e  0ms and c r o s s e d  
th e  p a th  o f  t h e  l i g h t  c o u p le d  i n  r e g i o n  A. T h i s  a n g le  0ms i n c r e a s e d  
a long  th e  ta p e r  u n t i l  the  mode was c u t -o f f .
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F ig u re  4 .1 0  a) schem atic  diagram o f  l i g h t  prism  coupled from TVC. At 
A m ode-sinking occurs  a t  the  c h a r a c t e r i s t i c  an g le  0%g.At 
B th e  f i b r e  i s  l e s s  confined  and p d e c re a se s .  The ang le  
o f  r a d i a t i o n  th e r e f o r e  in c r e a s e s  and l i g h t  from th e  two 
re g io n s  i n t e r f e r e s .
b) schem atic  diagram o f  prism  coup ling  s ta c k .
For each mode m th e re  were two i n t e r f e r i n g  beams, producing  a f a r  
f i e l d  i n t e r f e r e n c e  p a t t e r n .  The r e s u l t i n g  p a t t e r n  was d i f f i c u l t  t o  
a n a ly se  and was though t u n s u i ta b le  fo r  f i b r e  c h a r a c t e r i s a t i o n .
In  o r d e r  to  c o n f i r m  t h i s  a n a l y s i s ,  f u r t h e r  e x p e r i m e n t s  w ere  
performed us ing  a f i b r e  which was s in g le  mode a t  633nm. The f i b r e  was 
made i n  BTRL by draw ing down a s tandard  f i b r e  and i t s  p a ram e te rs  were 
unknown. However i f  t h e  c u t - o f f  w a v e le n g th  o f  t h e  L P l l  mode was 0.6pm 
compared to  1.2pm f o r  s t a n d a r d  f i b r e ,  t h e  c o re  d i a m e t e r  w ould  a l s o  be 
approx im ate ly  h a l v e d .  (2 ,14) The ESI c o re  d i a m e t e r  w as o r i g i n a l l y  i n  
th e  r e g i o n  o f  8-lOpm and a f i g u r e  o f  a p p r o x im a te ly  4-5pm c o u ld  be 
expec ted  f o r  the  reduced f i b r e .
4 .4 .2  Prism coup ling  to  s in g le  mode f i b r e s
A TVC w ith  9^ = 1°4 ' was made using  the s p e c ia l  s in g le  mode f i b r e  
to  c o n f i rm  t h a t  th e  o b s e rv e d  f a r  f i e l d  p a t t e r n  d id  n o t  a r i s e  from  
i n t e r f e r e n c e  b e tw e e n  modes o f  d i f f e r e n t  o r d e r .  S i m i l a r l y  a PDC w i t h  
r a d iu s  o f  cu rv a tu re  25cm was made using  i d e n t i c a l  f i b r e  to  confirm  th a t  
th e  i n t e r f e r e n c e  was caused by l i g h t  r a d i a t e d  from the  ta p e r  reg io n .
By a d j u s t i n g  t h e  p r e s s u r e  s c r e w  i t  w as  p o s s i b l e  t o  h a v e  
p a r t i c u l a r l y  s tro n g  or weak coupling . Two reg im es  were e s t a b l i s h e d  f o r  
th e  TVC. By t i g h te n in g  the  p re s su re  screw to  i t s  maximum, r a d i a t i o n -  
co u p lin g  from  r e g i o n  A became more d o m in a n t  ( f i g u r e  4 .11).  By 
lo o se n in g  th e  p r e s s u r e  sc rew  more power was c o u p le d  i n  r e g i o n  B 
ex ten d in g  the  obse rv ab le  in t e r f e r e n c e  p a t t e r n  ( f ig u re  4.12). The e x i t  
r a d i a t i o n  p a t t e r n  f o r  th e  PDC u n d e r  th e  same c o n d i t i o n s  i s  shown in  
f i g u r e  4.13 fo r  com parison. These r e s u l t s  were o b ta in ed  u s ing  a prism  
o f  in d e x  n^ = 1.682 a t  633nm. M atch in g  o i l  o f  in d e x  n^ = 1 .454 , below  
th a t  o f  s i l i c a  w as  u s e d  t o  e x t e n d  t h e  e v a n e s c e n t  f i e l d .  The 
ex p er im en ta l  a r r a n g e m e n t  was a s  d e s c r i b e d  i n  f i g u r e  4 .8 .  A c c u ra te  
measurements (+ 1 ' o f  a r c )  w e re  made o f  th e  mode l i n e  p o s i t i o n  f o r  th e  
TVC and PDC c o u p l e r s .  The TVC was t i g h t l y  c o u p le d  and m e a s u re m e n ts  
were made o f  the  dominant mode l i n e  ( f ig u re  4.11). The TVC was removed 
and t h e  m e a su re m e n ts  w ere  r e p e a t e d  f o r  th e  PDC. These a r e  l i s t e d  i n  
Table 4 .1 .
4 .4 .3  Measurement o f  e f f e c t i v e  index
The n o rm al t o  th e  p r i s m  e x i t  f a c e  was e s t a b l i s h e d  f o r  each  
co u p le r .  The a n g u l a r  p o s i t i o n s  o f  th e  ed g es  o f  th e  mode l i n e s  w e re
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Figure  4 .12 Output from TVC, lo o s e ly  clamped.
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e s t im a te d  and th e  a v e ra g e  p o s i t i o n  used  i n  s u b s e q u e n t  c a l c u l a t i o n s .  
The mode s in k in g  ang le  was c a l c u la te d  and the  e f f e c t i v e  index  o b ta in e d  
d i r e c t l y .  The p r i s m  in d e x  was m e asu re d  w i th  an  Abbe r e f r a c t o m e t e r .  
The measured e f f e c t i v e  index  o f  th e  TVC was low er th an  th a t  o f  th e  PDC 
a l th o u g h  i d e n t i c a l  f i b r e  was used i n  each. The d i f f e r e n c e  i n  measured 
in d i c e s  (An = 1.4  x 10“ ^) was l e s s  th a n  t h e  ESI c o r e - c l a d d i n g  in d e x  
d i f f e r e n c e  A  ^ = 4 x 10 This  in d i c a te d  t h a t  th e  measurements d id  n o t  
g iv e  a  v e ry  a c c u ra te  i n d i c a t i o n  o f  e f f e c t i v e  index  bu t were p h y s ic a l ly  
r e a s o n a b le .  Mote t h a t  th e re  was no overlap  i n  the  an g u la r  p o s i t i o n s  o f  
th e  mode l i n e s .
I n t e r p r e t a t i o n  o f  th e  measured ang les  was com plica ted  by th e  f a c t  
t h a t  th e  f i b r e  and prism  base were n o n - p a r a l le l .  The d e r iv a t io n  o f  3.25 
assumes a z - in v a r i a n t  s t r u c t u r e .  F igu re  4.14b shows th e  i n t e r p r e t a t i o n  
o f  th e  l o c a l  c r o s s - s e c t io n  i n  th e  TWC during, prism  coupling . I n  r e g io n  
A t h i s  f o l l o w s  M a tsu h u ra  a s  d e s c r i b e d  i n  s e c t i o n  3 .3 .5 .  I n  r e g i o n  B 
however i t  i s  n o t  p o s s i b l e  t o  d e f i n e  an i n v a r i a n t  d i r e c t i o n  o r  t o  
d e f in e  a l o c a l  normal. There i s  th e re f o r e  c o n s id e ra b le  l a t i t u d e  i n  th e  
i n t e r p r e t a t i o n  o f  coup ler  measurements.
In  th e  case of the  PDC th e  ang le  between th e  f i b r e  and p rism  base 
changed s lo w ly  and s m o o th ly ,  a l l o w i n g  a l o c a l  c r o s s - s e c t i o n  t o  be 
d e f in e d .  In  th e  PDC coupling  i s  s i g n i f i c a n t  over a  le n g th  o f  t y p i c a l l y  
700pm, fo r  a r a d iu s  o f  c u rv a tu re  o f  25cm. The change i n  ang le  between 
th e  f i b r e  and prism  over t h i s  coup ling  le n g th  was ap p ro x im ate ly  4.25' 
The p o s i t i o n  o f  t h e  e x i t  r a d i a t i o n  ( i . e .  mode l i n e )  a r i s i n g  f rom  each  
e lem en ta l  c o u p l in g  l e n g t h  w i l l  s i m i l a r l y  a l t e r  by a b o u t  4 .2 5 '.  T h i s  
r e s u l t s  in  a s l i g h t l y  b roader m -l in e  from the  PDC compared to  th e  TVC.
The leakage  from th e  f i b r e  i n t o  the  mode s in k  o ccu rs  over a  f i n i t e  
le n g th ,  i . e .  i t  i s  r a d i a t i o n  from a f i n i t e  a p e r tu r e  and i s  d i f f r a c t i o n  
l i m i t e d .  Mode l i n e s  th e re f o r e  subtend a  f i n i t e  ang le  in  g en e ra l .
4 .4 .4  In te r f e r e n c e
In  th e  case o f  weak coup ling  from a TVC th e  e x i t  r a d i a t i o n  p a t t e r n  
was c l e a r l y  a r e s u l t  o f  i n t e r f e r e n c e  ( f i g u r e  4 .12).  The p a t t e r n  w as 
very  s i m i l a r  t o  t h e  f a r  f i e l d  r a d i a t i o n  p a t t e r n  f rom  p la n e  w aves 
im pinging on a s l i t  i n  an opaque s u r f a c e .  In  t h i s  s e c t i o n  i t  i s  shown 
t h a t  th e  i n t e r f e r e n c e  p a t t e r n  o b ta in ed  was c o n s i s te n t  w ith  the concept 
o f  two d i s t i n c t  coup ling  r e g io n s  i n  the  TVC.
The tw o i n t e r f e r i n g  beam s have  a f i n i t e  c r o s s  s e c t i o n ,  i . e .  th e y  
a re  n o t  p la n e  w aves . They a r e  d i f f r a c t i o n  l i m i t e d  and can  be
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c o n v e n ie n t ly  t r e a t e d  using  the  p a ra x ia l  approxim ation^^ . They may be 
r e p r e s e n t e d  by a s u p e r p o s i t i o n  o f  p la n e  w av es ,  a n a lo g o u s  to  th e  
r e p r e s e n t a t i o n  o f  a f i n i t e - d u r a t i o n  t i m e  f u n c t i o n  by a F o u r i e r  
s u p e r p o s i t i o n  o f  s in u so id s^^ .  The F o u r ie r  r e p r e s e n t a t io n  o f  a p a r a x ia l  
r a y  i s  d e r iv e d  and the  F resne l d i f f r a c t i o n  i n t e g r a l  i s  then  developed. 
The F r a u n h o f e r  a p p r o x im a t i o n  i s  th e n  o b ta in e d  to  g iv e  th e  f a r  f i e l d  
r a d i a t i o n  p a t t e r n .  The in te r f e r e n c e  p a t t e r n  i s  shown to  have s im i l a r  
c h a r a c t e r i s t i c s  to  th a t  a r i s i n g  from in t e r f e r e n c e  between p lane waves 
o r i g i n a t i n g  from a s l i t  and a s e m i - in f in i t e  h a l f  space. The s c a la r
wave e q u a t i o n  d e s c r i b i n g  th e  p r o p a g a t io n  o f  an e l e c t r o m a g n e t i c  wave 
w ith  p ro p a g a t io n  c o n s tan t  k can be w r i t t e n
2 + Q 4 3
where k^ = k^ + ky + k^ 4 .4
an d V ^ (x ,y ,z )  i s  t h e  a m p l i t u d e  o f  th e  v e c t o r  p o t e n t i a l .  I f  th e  wave 
v e c to r  k i s  v e r y  n e a r l y  d i r e c t e d  a lo n g  th e  z - a x i s  th e n  th e  wave i s  
p a r a x i a l  and
kg = (k^ -  k% -  k 2 ) l / 2  as k -  (k^ + k y )/2k  4.5
u s in g  th e  b in o m ia l  e x p a n s io n .  The wave a m p l i t u d e  d i s t r i b u t i o n  u, i s  
d e f in e d  as
y  (x ,y ,z )  = u (x ,y ,z ) e x p ( - jk z )  4 . 6
I t  c a n  be shown t h a t  th e  a m p l i tu d e  d i s t r i b u t i o n  u can  be b u i l t  up by
25p lan e  wave s u p e rp o s i t io n  .
u ( z . y . z )  = J d k j (  fdky  U o(kj;,ky)exp-j(k3jX+kyy)expjz(k |+k^)/2k 4 .7
The p a r a x i a l  approx im ation  i s  v a l id  i n  the case
(k^ + k% )l/2 /k  << 1 4.8
ÜQ i n  e q u a t i o n .  4 .7  i s  th e  a m p l i tu d e  o f  th e  p la n e  wave s o l u t i o n  o f  
e q u a t io n .  4 .3  w i t h  t r a n s v e r s e  c o m p o n e n t s  kx ,  k y .  At z = 0 t h e  
am plitude  d i s t r i b u t i o n  UQ(x,y) i s  from equation . 4.7;
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,[dkyUQ(kx,ky)exp-j(kxX + kyy) 4.9
Uq i s  t h e r e f o r e  the  wave am plitude  fu n c t io n  i .e .  the F o u r ie r  tra n s fo rm  
o f  Uq a t  z = 0. The 2-D f o u r i e r  transfo rm  g iv e s  u^Ckj^.ky) d i r e c t l y  as
Uo(kx>ky) = (1 /2  )2 jdxQ Jd y ^  Uo(xQ,yQ)expj(k^x^ + kyy^) 4 .10
where 4.9 , 4 .10  a r e  F o u r i e r  t r a n s f o r m  p a i r s .  The s o l u t i o n  o f  th e
s c a l a r  wave e q u a t io n  u(x ,y ,z) can be expressed  in  term s o f  the  (known)
d i s t r i b u t i o n  u ^ (x ,y )  a t  z = 0.
u ( x ,y ,z ) = j /X z  jdXo fay^  U o(X o ,y (,)exp-j(k /2z)[ (x -x^)^  + (y-yo)%] 4.11
In  t h e  c a s e  o f  a p la n e  wave i n c i d e n t  on a r e c t a n g u l a r  a p e r t u r e  i n  an 
a b so rb in g  s c r e e n  u^CXq^yg) can  be s p e c i f i e d  s im p ly .  I n  t h e  f a r  f i e l d
i . e .  a t  l a r g e  d i s t a n c e s  from  th e  a p e r t u r e ,  th e  e x p o n e n t i a l  may be 
approx im ated  by
[ ( x-Xq )^  + (y -y^)^]  -  [(x%+y2) -  2xxQ-2y%] _ 4 .12
For t h i s  a p p r o x i m a t i o n  to  be v a l i d  th e  a m p l i t u d e  d i s t r i b u t i o n  i n  t h e  
i n p u t  p lane must extend over a t r a n sv e rs e  dim ension s such th a t
s  << ( z / k ) l / 2  4.13
S u b s t i t u t i n g  4.12 i n t o  4.11 we o b t a i n ;
u (x ,y ,z )= j(2 n /(X z ) )^ e x p [- jk (x ^ + y ^ ) /2 z ]Ü Q (k x /z ,k y /z )  4.14
The e x p o n e n t i a l  te rm  t o g e t h e r  w i th  th e  te rm  e x p ( - jk z )  f rom  4.6 
g iv e s  t h e  p h a se  f r o n t  o f  th e  wave. I t  can be shown t h a t  n e a r  th e  a x i s  
the  phase f r o n t  i s  p a ra b o l ic  w ith  a r a d iu s  o f  cu rv a tu re  R where R->z in  
th e  f a r  f i e l d .  We can t h e r e f o r e  n e g l e c t  th e  phase  f r o n t  i n  th e  
p a r a x i a l  app ro x im atio n ,  to  good accuracy.
4 .4 .5  S in g le  s l i t  in t e r f e r e n c e .
For a p lane wave in c id e n t  on the  narrow s l i t  shown in  f ig u re  4.15a 
th e  e x c i t a t i o n  Uq i s  g iven  by;
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%  -  1 Xq < s / 2  4.15
0 s /2  < Xq
N e g le c t in g  th e  phase f r o n t  cu rva tu re  the  am p litude  u(x) i s  g iven  by
u(x) = j / (X z)  s  . M l ^ x s / z  4 l a
k x s /z
w ith  n u l l s  a t  x= jrz /ks . The f a r  f i e l d  r a d i a t i o n  from  two i d e n t i c a l  
p a r a l l e l  s l i t s  a s  shown i n  f ig u re  4.15b c o n s i s t s  o f  the  envelope o f  the  
s i n g l e  s l i t  f i e l d  m u l t ip l i e d  by the f a c to r  M where;
M = 2cos(kxL/2z) = 2co s(k L /2 .s in 9 )  4 .17
and L i s  th e  c e n t r e  to  ce n tre  sep a ra t io n  o f  the  s l i t s .  S in0=x/z where 
X and z r e f e r  to  the o b se rv a t io n  plane. The number o f  n u l l s  i n  th e  2 -  
s l i t  p a t t e r n  w i th in  each n u l l  of the 1 - s l i t  envelope in c re a s e s  a s  the  
s e p a r a t io n  o f  th e  s l i t s  L i n c r e a s e s .  T h is  i s  b e c a u se  th e  p h ase  s h i f t  
between l i g h t  i n c i d e n t  from  each s l i t  i s  a more r a p i d l y  v a r y in g  
fu n c t io n .  The number o f  f r i n g e s  o b s e rv e d  w i t h i n  a g iv e n  a n g l e  i s  
p r o p o r t i o n a l  to  L. S im i la r ly ,  oblique in c id en ce  of p lane waves ( f ig u re  
4 .16a)  c a u s e s  a p h ase  d i f f e r e n c e  i n  th e  l i g h t  o r i g i n a t i n g  from  each  
r e g io n  and th e  o n e - s l i t  envelope i s  s p a t i a l l y  modulated.
The f a r  f i e l d  r a d i a t i o n  p a t t e r n  o f  t h e  TVC f i g u r e  4 .12 , show s 
d i s t i n c t  bands o f  l i g h t  which are  s tro n g ly  modulated. In  t h i s  r e s p e c t  
the p a t t e r n  i s  s i m i l a r  to  th a t  a r i s in g  from two phase s ep a ra ted  sou rces  
a s  d e s c r ib e d  above. The two coupling reg io n s  A and B have no p h y s ic a l  
s e p a r a t io n .  The s e p a ra t io n  in  phase a r i s e s  from the d i f f e r e n c e  i n  the  
f i b r e  mode p ro p ag a t io n  c o n s ta n ts  i n  reg io n s  A and B. The mode s in k in g  
a n g le s  i n  t h e  tw o  r e g i o n s  a r e  d i f f e r e n t  and t h i s  r e s u l t s  i n  a r a p i d l y  
v a ry in g  p h a s e  i n  th e  o b s e r v a t i o n  p la n e .  The a n g le  a t  w h ich  th e  f i r s t  
n u l l  o f  th e  i n t e r f e r e n c e  p a t t e r n  ( f ig u re  4 .15a) occurs  i s  g iven by
0^=X/s 4 .18
From T a b le  4 .1 ,  0%=O°7±1' and X=0.633fim. The a p e r t u r e  s  was t h e r e f o r e  
317±45|im i n  le n g th .  Since the  angle 0^ was 1°4' the  f i b r e  core d iam ete r  
was 5 .9 + 0 .84pm. Given th e  a p p ro x im a te  n a t u r e  o f  th e  above a n a l y s i s ,  
t h i s  was i n  good agreement w ith  the expected value o f  4—5pm
The i m a g i n a r y  p a r t  p o f  th e  p r o p a g a t io n  c o n s t a n t  o f  th e  l i g h t  i n
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F ig u re  4 .15  a)  P lane waves in c id e n t  on a s in g le  s l i t  o f  w id th  s
b) P lane waves in c id e n t  on two s l i t s  o f  w idth  s  and 
s e p a ra t io n  (L-s)
incident plane waves
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Figure 4.16 Interfering plane waves in  a structure analogous to that 
of the TVC during prisa coupling.
th e  l e a k y  c o r e  mode i n  r e g io n  B f a l l s  s m o o th ly  w i th  d i s t a n c e .  The 
a n g le  0ms a t  which mode s ink ing  occurs i n  the  prism  s i m i l a r l y  changes 
w ith  d i s t a n c e  along the  f ib r e .  This f u r th e r  co m p lica te s  th e  observed 
d i f f r a c t i o n  p a t te r n .  I t  i s  reasonab le  to  su g g es t  however th a t  the band 
s t r u c t u r e  o b s e rv e d  i n  f i g u r e  4.12 a r i s e s  from  i n t e r f e r e n c e  from  two 
d i s t i n c t  c o u p l in g  r e g i o n s  o f  t h e  TVC w hich  have  a s i g n i f i c a n t  p h ase  
s e p a r a t i o n .
4 .5  Summary
A c o u p l e r  h a s  been c o n s t r u c t e d  w h ich  o f f e r s  a c c e s s  to  th e  
ev an escen t  f i e l d  o f  a g u id e d  f i b r e  mode. The c o re  o f  th e  f i b r e  was 
p o l i sh e d  th r o u g h  c o m p le te ly ,  t a p e r i n g  to  z e r o  a t  a s m a l l  a n g le  0^ . A 
s u b s t a n t i a l  f r a c t i o n  o f  th e  power la u n c h e d  i n  th e  f i b r e  a p p a r e n t l y  
rem ained g u id e d  by th e  c o re  a s  i t  t a p e r e d ,  d u r in g  p r is m  c o u p l in g .  An 
ex p e r im e n ta l  i n v e s t i g a t i o n  o f  th e  c o u p l e r s  s u i t a b i l i t y  f o r  f i b r e  
c h a r a c t e r i s a t i o n  by p r is m  c o u p l in g ,  was c a r r i e d  o u t .  T h is  r e v e a l e d  
t h a t  f o r  each guided mode of the  f i b r e  the f a r - f i e l d  r a d ia t io n  from a 
m ode-sink  w as  a c o m p l i c a t e d  p a t t e r n .  T h i s  p a t t e r n  had  many 
s i m i l a r i t i e s  w i th  t h a t  p roduced  by p la n e  w aves i n c i d e n t  on a s i n g l e  
s l i t  and  a sem i i n f i n i t e  h a l f  sp ace  i n  an opaque s c r e e n .  T h is  
su g g es ted  t h a t  two c o u p l in g  r e g i o n s  e x i s t  i n  th e  TVC under p r i s m  
coup lin g .  The i n t e r f e r e n c e  p a t t e r n  was p r i n c i p a l l y  a f u n c t i o n  o f  th e  
co u p le r  g e o m e try  and was no t s t r a i g h t f o r w a r d l y  r e l a t e d  to  th e  f i b r e  
e f f e c t i v e  index. The TVC was th e re fo r e  concluded to  be u n su i ta b le  fo r  
f i b r e  c h a r a c t e r i s a t i o n .  E x p e r im e n ts  w ere  a l s o  p e r fo rm e d  on a PDC 
c o n s t ru c te d  o f  i d e n t i c a l  f ib r e .  These in d ic a te d  th a t  a s in g le  coup ling  
mechanism was p re se n t  i n  the PDC s in ce  in t e r f e r e n c e  was not observed. 
The f i b r e  e f f e c t i v e  index was measured us ing  a p r ism -co u p lin g  techn ique  
o f  good accuracy  fo r  both the  TVC and PDC. A s u b s t a n t i a l  d i f f e r e n c e  i n  
e f f e c t i v e  in d ic e s  was ob ta ined . The most p robab le  ex p lan a tio n  o f  t h i s  
d i f f e r e n c e  a r i s e s  from  th e  d i f f i c u l t y  o f  i n t e r p r e t i n g  th e  p r i s m -  
measurements from a n o n - in v a r ia n t  s t r u c tu re .
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Chapter 5. Re s u l t s  A nalys is  o f  Transverse Coupling Between A S in g le
Mode F ib re  And A P lanar Film Waveguide.
5 .1  I n t r o d u c t i o n .
In  c h a p t e r  3 i t  w as show n t h a t  e f f i c i e n t  p o w e r  t r a n s f e r  i n  
d i r e c t i o n a l  c o u p l e r s  r e q u i r e s  t h a t  t h e  g u i d e s  be v e r y  n e a r l y  
synchronous. T h ere  i s  a r a p i d  f a l l  i n  maximum power t r a n s f e r  w i th  
in c r e a s in g  m i s m a t c h  and  t h i s  im p o s e s  s t r i n g e n t  t o l e r a n c e s  on 
d i r e c t i o n a l  c o u p l e r  m a n u fa c tu r e .  I t  i s  p o s s i b l e  to  r e d u c e  th e s e  
to l e r a n c e s  by t a p e r  c o u p l i n g  b u t  t h i n  f i l m  t a p e r s  h a v e  s e v e r e  
l i m i t a t i o n s  i n  p r a c t i c e .  In  an in te g ra te d  o p t ic s  co n tex t ,  w ith  a number 
o f  d e v i c e s  on a s i n g l e  c h ip  i t  would be n e c e s s a r y  i n  g e n e r a l  to  
f a b r i c a t e  t a p e r s  a t  d i f f e r e n t  a n g le s  and d i r e c t i o n s .  The g e o m e try  o f  
th e  TVC a l l o w s  f i b r e s  to  be p o l i s h e d  a t  d i f f e r e n t  a n g l e s  0^ t o  th e  
s u b s t r a t e  s u r fa c e  which i s  eq u iv a len t  to  a l t e r i n g  the  coupling  le n g th  
o f  a  d i r e c t i o n a l  coup le r .  In  a d d i t io n  the f i b r e  core  i s  ta p e red  and th e  
p o s s ib le  re d u c t io n  o f  coup le r  to le ran ces  i s  d iscussed  i n  s e c t io n  5.4.
I t  was a l so  shown in  ch ap te r  3 th a t  a p la n a r  f i lm  c o n s t i t u t e s  a mode 
s in k  and t h a t  o p t i c a l  power i s  coup led  from  a f i b r e  i n t o  t h e  mode 
continuum a t  a n g l e s  +0Qg to  th e  f i b r e  a x i s .  T h is  phenomenon was 
e x p e r im e n ta l ly  and t h e o r e t i c a l l y  in v e s t ig a te d  and v e r i f i e d .  Using TVC 
b lo ck s  a f i b r e - f i l m - f i b r e  coup ler  was cons truc ted .  The e f f i c i e n c y  and 
wavelength dependence of the  coupler was i n v e s t i g a t e d a n d  from t h i s  
the  c o u p l e r  b e h a v io u r ,  i n  te rm s  o f  mode s i n k i n g  and d i r e c t i o n a l  
coup ling  was ob ta ined .  The experim en ta l r e s u l t s  were confirm ed by a BPM 
a n a l y s i s  o f  the  TVC. The maximum e f f ic ie n c y  o b ta ined  using  the coup le r  
was a f i b r e - f i l m - f i b r e  t r a n s m i s s i o n  l o s s  o f  2dB i n  th e  n e a r - I R .  The 
mode s i n k i n g  a n a l y s e s  o f  Arnaud^^^ and M a r c a t i l i ^ ^ ^  w ere  f u r t h e r  
developed to  e x p la in  the  coupling  phenomena.
5 .2  D i r e c t io n a l  coup ling  between a s i l i c a  f i b r e  and a high index s i l i c a  
c la d  f i l m .
To g a in  an unders tand ing  o f  f ib r e  f i lm  coupling using  the  TVC i t  i s  
conven ien t i n  the  f i r s t  in s ta n c e  to  n eg lec t mode s ink ing .  The f i b r e  and 
f i l m  a r e  t r e a t e d  a s  a d i r e c t i o n a l  c o u p le r  as  i f  b o th  p o s e s s e d  2-D 
confinement ( c h a p t e r  2, t a b l e  1, c a t e g o r y  E). T h is  c o n c e p t  was u s e f u l  
i n  e x p l a i n i n g  th e  i n i t i a l  r e s u l t s  d e s c r ib e d  i n  s e c t i o n  5.2 be low . A
61
l o c a l  c r o s s - s e c t io n  o f  the coupler  i s  shown in  f ig u r e  3.5a.
5 .2 .1 .  T h e o re t ic a l  wavelength dependence o f  d i r e c t i o n a l  coupling.
In  a d i r e c t i o n a l  c o u p l e r ,  s i g n i f i c a n t  power t r a n s f e r  o c c u r s  o n ly  
between modes o f  n ea r ly  equal e f f e c t iv e  index. In  weakly gu id ing  f i b r e  
th e  mode in d e x  i s  c l o s e  t o  t h a t  o f  th e  s i l i c a  c l a d d in g .  T h e r e f o r e  th e  
f i l m  modes w h ich  a r e  sy n ch ro n o u s  w i th  th e  f i b r e  must a l s o  h av e  an 
e f f e c t i v e  index  c lo se  to  th a t  of s i l i c a .  The c h a r a c t e r i s t i c  eq u a t io n  o f  
the  modes o f  a sym m etrica l p la n a r  guide of th ic k n e s s  t  and wavelength X 
i s  ( f ro m  c h a p t e r  2 . 2 );
2 n t / X ( n | - n | ) ^ / ^ = 2 t a n “ ^ (F (n |-n |) /(ng-n |))^ /^ +m jr  (5.1)
In  t h e  i n v e s t i g a t i o n  o f  c o u p le r  p e r fo rm a n c e ,  r e l a t i v e l y  t h i c k ,  h ig h  
in d ex  f i l m s  w ere  used  f o r  w hich th e  fu n d a m e n ta l  f i l m  mode was n o t  
coupled  i n  th e  n e a r - I R .  The sy n ch ronous  modes o f  t h e s e  f i l m s  a r e  n e a r  
c u t - o f f  and 5.1 can be s im p l i f ie d  to ;
Xjjj=2t/m(ng-ng)^^^ mé 0 (5 . 2 )
The d i s p e r s io n  diagram of the f i b r e  (c a lc u la te d  from equation  2.25) and 
o f  an o p t i c a l l y  th ic k  f i lm  (c a lc u la te d  from equa t ion  5.2) i s  shown in  
f i g u r e  5.1. The f i l m  t h i c k n e s s  and in d e x  w ere  t=43pm and n jj= l.620  
r e s p e c t iv e l y .  The s i l i c a  d i s p e r s i o n  was c a l c u l a t e d  from  p u b l i s h e d  
d a t a ( 4 ) .  The d is p e r s io n  of the f i lm  index (as used i n  experim ents) was 
c a l c u l a t e d  from the  m anufac tu rers  d a ta ^ ^ \  measured fo r  the w avelength 
range  0 .3-1 .06pim and e x t ra p o la te d  to  the longer  wavelength reg ion . The 
f i l m  mode e f f e c t i v e  i n d i c e s  e x te n d  to  1.620 b u t o n ly  th e  modes n e a r  
c u t - o f f  a re  r e le v a n t  to  t h i s  d iscuss ion .
From th e  d i s p e r s i o n  d ia g ra m  i t  i s  c l e a r  t h a t  t h e r e  i s  a s e r i e s  o f  
w aveleng ths  X^ j a t  which the f i b r e  i s  synchronous w ith  the forw ard modes 
o f  th e  f i l m ,  ( i .e .  the p o in ts  where the f i b r e  and f i lm  d isp e rs io n  l i n e s  
c r o s s ) .  The pow er t r a n s f e r  e f f i c i e n c y  i s  e x p e c te d  to  peak s h a r p ly  a t  
th e s e  w a v e l e n g t h s  w h i c h  a r e  g i v e n  by e q u a t i o n  5 .2  w i t h  
n^=ng( f i lm )= n ^ ( f ib r e ) .  Around each  sy n ch ro n o u s  w a v e le n g th  th e  power 
t r a n s f e r  e f f i c i e n c y  should f a l l  o f f  r a p id ly  w ith  in c re a s in g  mismatch. 
T h is  i s  shown s e m i—s c h e m a t i c a l l y  i n  f i g u r e  5.2 a s  th e  e f f i c i e n c y  o f  
f i b r e - f i l m - f i b r e  c o u p l in g  o v e r  th e  w a v e le n g th  r a n g e  above.
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COUPLING TO SYMMETRIC SLAB MODFÇ;
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Figure 5.1 Dispepsion of s ta n d a rd  single mode fibre 
an d  high index silica clad p lanar film.
Film th ickness A3 microns.
Index ng= 1.620.
Fibre core 8 microns.
Index difference O.OOA.
Fibre-film -fibre coupling with 
sym m etric silica-clad film 
of index =1.62 and thickness 43pm
Coupling efficiency 
I (arbitrary scale)
■ ||H
► Wavelength 
0.6 1.1 1.6 Ipm )
L?i
THEORETICAL MODEL
Figure  5 .2
The L ? ! !  mode o f  th e  f i b r e  i s  g u id e d  below 1.2^m. I t  h a s  a s l i g h t l y  
low er e f f e c t i v e  in d e x  ( a t  a g iv e n  w a v e le n g th )  th a n  th e  LPq^ mode and 
co nsequen tly  coup les  to  the  forw ard f i lm  modes synchronously a t  a s e t  
o f  w a v e l e n g th s  w here  f o r  each  m, i s  s l i g h t l y  l a r g e r  th a n  
The d e n s i t y  o f  sy n c h ro n o u s  w a v e le n g th s  i s  i n c r e a s e d  below  1.2pm and 
t h i s  r e s u l t s  i n  the  reduced modulation of e f f ic ie n c y  w ith  w avelength  
shown i n  f i g u r e  5.2. E x p e r im e n ta l  v e r i f i c a t i o n  o f  t h i s  r e s u l t  i s  
d isc u s s e d  below.
5 .2 .2  E xperim en ta l Wavelength Dependence o f  D ire c t io n a l  Coupling
A beam o f  f i n i t e  w id th  launched in  a p lanar s la b  s u f f e r s  d ivergence  as  
i t  p r o p a g a t e s  s i n c e  i t  i s  u n c o n f in e d  i n  th e  d i r e c t i o n  o f  th e  p la n e .  A 
TVC b lo c k  w i t h  a f i b r e  a t  each end , a l i g n e d  such  t h a t  th e  g ro o v e  
c e n t r e s  a r e  c o l l i n e a r  i s  shown i n  f i g u r e  5.3. The f i b r e  c o r e s  a r e  
s e p a ra te d  by a d i s t a n c e  (2Vg+L) w here  Vg i s  th e  d i s t a n c e  b e tw ee n  th e  
c la d d in g  e l l i p s e  and th e  V -groove end and L i s  th e  e l l i p s e  l e n g t h .  
T yp ica l  core s e p a ra t io n s  were 10-20mm fo r  0.5°<8^<1.25°. An assessm en t 
o f  co u p le r  e f f i c i e n c y  u s ing  t h i s  geometry would be of l i m i t e d  use s in ce  
the  l o s s  due t o  th e  r e g i o n  o f  epoxy s u b s t r a t e  and to  beam d iv e rg e n c e  
would be d i f f i c u l t  to  q u a n t i f y .  T h is  geom etry  was how ever u sed  w i th  
n o n -p lan a r  w a v e g u i d e s  a s  d i s c u s s e d  i n  c h a p t e r . 6 . F o r  i n i t i a l  
i n v e s t i g a t i o n s  p l a n a r  w av eg u id es  w ere  s im p le r  to  f a b r i c a t e  and th e  
problems o f  beam d iv e rg e n c e  and epoxy l o s s  w ere  l a r g e l y  overcom e by 
u s in g  th e  geom etry  o f  f ig u re  5.4.
Two TVC b lo c k s  w ere  p la c e d  f a c e  to  f a c e  such t h a t  th e  two f i b r e  a x e s  
la y  i n  th e  same x - z  p lane .T he  b lo c k s  w ere h e ld  i n  a j i g  w hich  was 
o r i g i n a l l y  d e s ig n e d  f o r  s tu d y in g  th e  p o l i s h e d  d i r e c t io n a l  coupler^^^. 
The j i g  p rov ided  c o n t ro l le d  r e l a t i v e  movement of the  TVC blocks only i n  
the  d i r e c t i o n  o f  the  y -a x is .  The blocks were ad ju s te d  by hand in  the  z -  
d i r e c t i o n  and by p l a c i n g  a l a r g e  w e ig h t  on th e  u p p e r  TVC th e  b lo c k  
sp ac in g  i n  th e  x - d i r e c t i o n  was ad ju s ted .  A schem atic  c r o s s - s e c t io n  o f  
the  coup le r  arrangem ent i s  shown in  f ig u re  5.5 A p la n a r  waveguide was 
formed by i n s e r t i n g  o i l  of known d isp e rs io n  in to  the  space between the  
p o l ish e d  b lock  s u r fa c e s  by c a p i l l a r y  ac t io n .  The f i lm  index was changed 
by removing the  blocks and c lean ing  them with a lcoho l before  app ly ing
the  a p p r o p r ia te  o i l .
A w h i t e  l i g h t  s o u rc e  ( q u a r tz - h a lo g e n  lamp) and an o p t i c a l  sp e c tru m  
a n a ly se r  (OSA), ( A n r i t s u  MS96A) w ere used f o r  l a u n c h  and d e t e c t i o n .  
This  a l l o w e d  m e a su re m e n ts  to  be made over th e  w a v e le n g th  ra n g e  0 . 6-
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F ig u re  5 .4  Experim ental appara tus  f o r  r e l a t i v e  p o s i t io n in g  o f  
two TVC or PDC b locks,
a )  Upper TVC p o s i t io n  ad justm ent by micrometer screws.
b) Output f i b r e  and upper TVC b lock .
c)  Return  sp r in g s ,  co ax ia l  w ith  micrometer screws.
d) Lower TVC clamping screws.
e)  S o l id  b ra s s  mounting.
f )  In p u t f i b r e  and lower TVC b lock .
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1 . 6pm a l though  the  most u se fu l  in fo rm a tio n  was ob ta ined  over the f i b r e  
s i n g l e  mode r e g i o n  ( 1.2 - 1 . 6pm).
P o s i t i o n in g  o f  the  coupler  blocks i n  the  z—d i r e c t i o n  was performed in  
a darkroom by m anually  a d ju s t in g  the upper TVC block w h ile  e s t im a t in g  
(by eye) th e  p o in t  a t  which the maximum b r ig h tn e s s  of the  output f i b r e  
was o b ta in e d .  For t h i s  reason  th e  f i lm  waveguide was sh o r t ,  e s t im a ted  
to  be 1 mm or l e s s .  From t h i s  p o s i t i o n  i t  was n o te d  t h a t  i f  th e  b lo c k s  
were moved i n  th e  p o s i t i v e  z - d i r e c t i o n  th e  o p t i c a l  power o u tp u t  
(p e rc e iv e d  b r i g h t n e s s )  f e l l  v e ry  s h a r p ly .  Moving th e  b lo c k s  i n  th e  
n e g a t iv e  z - d i r e c t i o n  (from the p o s i t io n  of maximum b r ig h tn es s )  r e s u l t e d  
i n  a slow decay o f  the  o p t i c a l  power output. This asymm e t ry  in d ic a te d  
t h a t  l i g h t  was c o u p le d  from  f i b r e  to  f i l m  to  f i b r e  r a t h e r  th a n  b e in g  
d i r e c t l y  r a d i a t e d  from  f i b r e  to  f i b r e .  T h is  i n d i c a t i o n  o f  t r a n s v e r s e  
co u p l in g  was confirm ed by measuring the wavelength dependence of the 
c o u p le r .
A t y p i c a l  r e s u l t ( f o r  which the d is p e r s io n  curve 5.1 was ca lcu la ted )  i s  
shown i n  f i g u r e  5.6. I t  shows c l e a r l y  th e  c o u p l in g  maxima a s s o c i a t e d  
w ith  the  synchronous w avelengths i n  th e  s in g le  mode reg ion .  The d en s i ty  
o f  s y n c h ro n o u s  w a v e le n g th s  i n c r e a s e s  below  and th e  re d u c e d
m odula tion  o f  e f f i c i e n c y  w i th  w a v e le n g th  shown i n  f i g u r e  5.2 i s  
a p p a re n t .  This  measurement was performed w ith  a g r a t i n g  r e s o lu t io n  of 
lOnm i . e .  th e  pow er o v e r  each  lOnm i n t e r v a l  was m easu red  and p l o t t e d .  
The graph  shows th e  a c tu a l  power l e v e l  a t  the ou tpu t f ib r e .  I t  was not 
n o rm alised  f o r  the  source and f i b r e  t ra n s m is s io n  c h a r a c t e r i s t i c s .  The 
dynamic r a n g e  o f  m easu rem en t was l i m i t e d  by th e  n o is e  f l o o r  o f  th e  
d e t e c to r  t o  a b o u t  15dB. The TVC b lo c k s  w ere  f a b r i c a t e d  w i th  6^=1.25°. 
The f i l m  th ic k n e s s  was c a lc u la te d  from the p o s i t io n s  o f  the coupling 
peaks i n  f i g u r e  5 .6 , u s in g  e q u a t io n  5.2.
For two peaks a t  and X^+n we have;
<5-3>
The v a r i a t i o n  o f  th e  d i s p e r s i o n  te rm  o v er  a few h u n d red  nm i s  s m a l l  
s in c e  both te rm s ,  ng and n^ decrease  s low ly w ith  wavelength compared to  
the  l a r g e  d i f f e r e n c e  i n  t h e i r  magnitudes. N eg lec ting  d isp e rs io n  we have 
s im p ly ;
E quation  5.4 i s  u s e fu l  in  unders tand ing  the wavelength spacing o f  f i lm
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F ig u re  5 .6
modes b u t  s i n c e  th e  d i s p e r s i o n  te rm  m ust be e v a l u a t e d  i n  o r d e r  to  
c a l c u l a t e  f i lm  th ic k n e s s  th e  f u l l  eq u a t io n  5,3 was norm ally  used. From 
th e  p eak s  a t  &Q=1.58pm and ^m+i=1.54fim th e  f i l m  p a r a m e te r s  w ere 
c a l c u la te d  t o  be m=38,5, t=43,2pm. m was non—i n t e g e r  b ecau se  th e  peak 
p o s i t i o n  m easurem ents were o f  l i m i t e d  accuracy as was the d isp e rs io n  
da ta .  I t  was concluded t h a t  l i g h t  was evanescen tly  coupled from f ib r e  
to  f i l m  to  f i b r e  and t h a t  coup ling  peaks corresponded to  wavelengths a t  
which th e  f o r w a r d  f i l m  modes w ere  sy n ch ro n o u s  w i th  th e  f i b r e  modes. 
However i t  was d e c i d e d  t h a t  a p u rp o se  b u i l t  j i g  g iv i n g  c o n t in u o u s ly  
tu n a b le  f i lm  th ic k n e s s  and f u l l  (3 -ax is )  range of movement was re q u ire d  
to  f a c i l i t a t e  a l ig n m en t  and independen tly  confirm the f i lm  th ick n ess  
measurements. In  o rd e r  to  in c re a s e  the  t o t a l  coupling s t re n g th  ( se c t io n  
3 .3 .4 )  TVC's w e re  made w i t h  e^j=0,50° and w ere  used  i n  th e  e x p e r im e n t s  
d e s c r ib e d  i n  th e  rem a in d er  o f  t h i s  chap ter .
5 .2 .3  Improved e x p e r im e n ta l  ap p a ra tu s
A d e d i c a t e d  j i g  w as d e s ig n e d  f o r  a c c u r a t e  r e l a t i v e  p o s i t i o n i n g  o f  
co u p le r  b lo c k s .  The t h r e e  a x i s  p o s i t i o n e r  on w hich  i t  was based  
p rov ided  movement by s t r e s s i n g  f l e x i b l e  p la te s .  For each a x ia l  c o n t ro l ,  
movement o c c u r r e d  o v e r  a p a r a b o l a  ( w i th  a l a r g e  r a d i u s  o f  c u r v a tu r e )  
r a t h e r  than  s t r i c t l y  a long a  s in g le  a x is .  This was a sm all d isadvantage 
in  c o m p a r i s o n  t o  th e  l o a d  b e a r i n g  c a p a b i l i t i e s  o f f e r e d  by th e  s t a g e ,  
which had n e g l i g i b l e  p lay  and backlash . Under s u i t a b le  co n d i t io n s  the 
movement had  s u b m ic ro n  a c c u r a c y .
The j i g  shown i n  f i g u r e  5.7 was d e s ig n e d  to  be c o m p a t ib le  w i th  th e  
PDC's w h ich  had  l a r g e r  c r o s s - s e c t i o n a l  d im e n s io n s .  C o l l a r s  w ere 
t h e r e f o r e  c o n s t r u c t e d  o f  s i l i c a  w hich  a d a p te d  th e  TVC's to  th e  j i g .  
Four m i c r o m e t e r  s c r e w s  w i th  a n o m in a l  s e n s i t i v i t y  o f  O.ljim were 
in c o rp o ra te d  to  p rov ide  r e l a t i v e  t i l t  between the blocks to  c o r r e c t  any 
r e s i d u a l  o f f s e t s .  T h ree  p i e z o e l e c t r i c  p o s i t i o n e r  s e n s o r s  w i th  a 
nominal s e n s i t i v i t y  o f  0.1|im were in c o rp o ra ted  to  measure d i r e c t l y  the 
r e l a t i v e  m ovem ent o f  t h e  m i c r o p o s i t i o n e r  s t a g e .  The f a c e s  o f  th e  two 
clamps ( f i g u r e  5 . 7d) w ere  p r e c i s i o n  g round  and w ere a s s e m b le d  to  be 
p a r a l l e l  to  w i th in  m easurable  accuracy. Viewing p o r ts  were bored in to  
each c lam p  a s s e m b ly  so t h a t  i n i t i a l  a l ig n m e n t  co u ld  be p e r fo rm e d  by 
eye. The j i g  was s o l i d l y  c o n s t r u c t e d  from  heavy  gauge m a t e r i a l  to  
minimise f l e x i n g .  The r a n g e  and a c c u ra c y  o f  m e c h a n ic a l  movement 
r e q u i re d  t o  m e c h a n i c a l l y  tu n e  and a l i g n  o p t i c a l  w avegu ides  i n  t h i s  
manner w e r e  o f  an  e x t r e m e l y  h ig h  s t a n d a r d .  I  am i n d e b t e d  t o
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N .V ankoningsveld o f  BTRL f o r  t h e  p a t i e n t  and  s k i l l e d  c o n s t r u c t i o n  o f  
t h i s  j i g .
As an  i n i t i a l  e x p e r i m e n t ,  t h e  p o l i s h e d  s u r f a c e  o f  a  TVC b lo c k  w as 
c o a te d  w i t h  a t h i c k  l a y e r  o f  m e l t m o u n t T h i s  w as  a  lo w  (65°C) 
m e l t in g  p o in t ,  o p t i c a l l y  t r a n s p a r e n t  m a te r i a l  o f  known r e f r a c t i v e  index  
( a t  Sodium D). The two co u p le r  b locks  were th en  clamped i n t o  p o s i t i o n  
and h e a te d  u s in g  a h o t  a i r  b low er , t o  ap p ro x im a te ly  75°C. I t  was th e n  
p o s s ib le  t o  a l i g n  th e  b l o c k s  i n  t h e  m anner d e s c r i b e d  i n  s e c t i o n  5 .2 .2 .  
The b lo c k s  w ere  a l l o w e d  t o  c o o l  and w e re  rem o v e d  f ro m  th e  j i g .  The 
d e t e c te d  pow er a t  th e  o u t p u t  f i b r e  w as m e a su re d  u s i n g  t h e  OSA and i s  
shown f o r  t h e  s i n g l e  mode w a v e le n g th  r e g i o n  i n  f i g u r e  5 .8 .  The l i n e a r  
s c a l e  5.8b h as  a v e r t i c a l  d iv i s i o n  o f  200picoW atts.
To o b t a i n  b e t t e r  n o i s e  d i s c r i m m i n a t i o n ,  1000 s a m p le s  w e re  t a k e n  a t  
each  lOnm i n t e r v a l  and a v e r a g e d .  The r e s u l t  sh o w s th e  c o u p l e r  
t r a n s m is s io n  t o  be a  maximum a t  a  s e t  o f  s y n c h ro n o u s  w a v e l e n g t h s .  I t  
a l s o  showed t h a t  th e  d e v ic e ,  removed from th e  j i g  ( f i g u r e  5.9) a c te d  a s  
an i n  l i n e  f i b r e  f i l t e r .  The FWHM o f  t h e  p eak  a t  was 15-20nm .
The l o s s  o f  th e  c o u p l e r  a t  e a c h  p eak  w as unknown b u t  i n  l a t e r  
ex p er im en ts  i t  was fo u n d  t h a t  no m ore th a n  -54dB *over a  lOnm i n t e r v a l  
cou ld  be d e t e c t e d  f rom  a f i b r e  c o n n e c te d  d i r e c t l y  b e tw e n  t h e  QH lam p  
and OSA . The p eak  pow er d e t e c t e d  i n  t h i s  e x p e r i m e n t  ( f i g u r e  5 .9 ,  
X=1.48|im) was -61dBiH,This i n d i c a t e d  t h a t  t h e  f i b r e  t o  f i l m  to  f i b r e  
l o s s  a t  1=1.48pm was, a t  m ost, 7dB. This  l o s s  was a t t r i b u t e d  p a r t l y  to  
m echan ica l m i s a l i g n m e n t s  b e tw  een  th e  b l o c k s .  The e x p e r i m e n t  show ed 
t h a t  t h e  TVC i n  t h i s  c o n f i g u r a t i o n  had  t h e  p o t e n t i a l  t o  be an  i n - l i n e  
f i b r e - f i l t e r  w i th  low i n s e r t i o n  lo s s .
Using t h i s  j i g  th e  experim en t d e sc r ib e d  i n  s e c t i o n  5.2.2 was r e p e a te d  
f o r  a  f i l m  o f  t h e  sam e in d e x  and s i m i l a r  t h i c k n e s s  (njj=1.620, 
t= 5 3 .8pm) .The r e s u l t  o f  t h e  s p e c t r a l  m e a su re m e n t  i s  shown i n  f i g u r e  
5 .1 0 .  The d i s p e r s i o n  d ia g ra m  o f  th e  tw o g u i d e s  i s  a l s o  show n. The 
p o s i t i o n s  o f  t h e  s y n c h ro n o u s  w a v e le n g th s  a r e  s l i g h t l y  d i f f e r e n t  from 
th e  t h e o r e t i c a l  p r e d i c t i o n s  because o f  the  l i m i t e d  acc u racy  o f  the  o i l  
d i s p e r s io n  m easurem ents i n  t h i s  w avelength  re g io n .  I t  i s  im p o r ta n t  to  
n o te  t h a t  c o u p l i n g  w as th ro u g h  one s i n g l e  mode o f  t h e  f i l m .  For 
example, l i g h t  o f  w aveleng th  1.54pm was coupled th rough  th e  47^h fU m  
mode. The im p ro v e m e n t  i n  a c c u r a c y  o f  th e  j i g  and  t h e  r e d u c t i o n  i n  
b ran ch in g  a n g l e  g a v e  a  g r e a t e r  dyn am ic  r a n g e  o f  m e a su re m e n t  by 
r e d u c in g  t h e  c o u p l e r  i n s e r t i o n  l o s s .  The l o s s  a t  1.54pm w as e s t i m a t e d  
to  be l e s s  th a n  6dB. T h i s  r e s u l t  show ed t h e  w a v e le n g th  f i l t e r  
c h a r a c t e r i s t i c s  o f  c o u p l e d  d i s s i m i l a r  w a v e g u i d e s ^ h a v i n g  t wo
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F ig u re  5 .8  F i b r e - f i l m - f i b r e  t r a n s m is s io n  u s in g  two 0 .5 0 °  TVC's 
w ith  a  Meltmount^ f i lm  o f  index  n^^l.TO and th i c k ­
n ess  t=20.5|im. The f i lm  modes a re  21 and upwards.
d im en s io n a l  c o n f i n e m e n t .  The l o s s  w as a t t r i b u t e d  t o  m e c h a n ic a l  
m isa lignm en t o f  t h e  tw o p o l i s h e d  f i b r e s  and  to  beam d i v e r g e n c e  i n  t h e  
f i lm .  Beam d iv e rg en ce  i s  d is c u s s e d  i n  s e c t i o n  5.4.1.
5 . 2 .4  C onf irm a tio n  o f  f i l m  th i c k n e s s  m easurem ents.
I t  was not p h y s ic a l ly  p o s s i b l e  to  clamp th e  two TVC b locks  to g e th e r  
w i th  z e r o  ( i . e .  a s m a l l  f r a c t i o n  o f  a m ic ro n )  s p a c i n g .  T h i s  w o u ld  h a v e  
p ro v id ed  a  r e f e r e n c e  p o i n t  f o r  t h i c k n e s s  m e a su re m e n t  u s i n g  t h e  
p i e z o e l e c t r i c  s e n s o r  o p e r a t i n g  i n  t h e  x - d i r e c t i o n .  I n s t e a d  r e l a t i v e  
p h y s ic a l  movements m easured by th e  sen so r  were compared w i th  c a l c u l a t e d  
o p t i c a l  th ic k n e s s e s .  Using th e  a p p a ra tu s  d e s c r ib e d  i n  th e  e x p e r im e n ta l  
s e c t i o n ,  l i g h t  w as c o u p le d  f ro m  f i b r e  t o  t h i c k - f i l m  to  f i b r e .  As t h e  
f i l m  t h i c k n e s s  was d e c r e a s e d  i n  s t a g e s  t h e  c o u p le d  s p e c t r u m  and 
p o s i t i o n  t r a n s d u c e r  r e a d in g  w ere reco rd ed .  The f u l l  d i s p e r s io n  e q u a t io n  
5 .3 ,  was used w ith  modes m and m+3. These modes were used in  p r e f e r e n c e  
to  m,m+l to  reduce  th e  in n a cu racy  caused  by an e r r o r  i n  e s t i m a t in g  peak 
p o s i t i o n .  The r e s u l t s  a r e  shown i n  t a b l e  5 .1 .
T ab le  5 .1  Film T hickness  M easurements.
C a lc u la te d  O p t ic a l
T h ickness  urn______
93.1
77.0
25.5
16.7____________
Change i n  O p t ic a l  
_ T h i  ckne s  s  urn
-1 6 .1
-5 1 .5
- 8 . 8
Change i n  M echanical 
T h ickness  tim
-1 6 .5
-5 2 .0
-1 0 .5
For l a r g e  th ic k n e s s  changes i n  a t h i c k  f i lm  th e  agreem ent betw een th e  
two f ig u r e s  was e x c e l l e n t ,  bu t w orsened f o r  th in n e r  f i l m s .  The re a s o n  
f o r  t h i s  e r r o r  w as t h a t  th e  p o l i s h e d  s u r f a c e s  w e re  a d j a c e n t  o v e r  a 
l e n g th  o f  s e v e ra l  cm. Although th ey  were smooth they  were not p e r f e c t l y  
f l a t  over t h i s  le n g th .  B efore  th e  TVC's were f i n a l l y  clamped th ey  w ere  
p r e s s e d  to g e th e r  by t i g h t e n i n g  th e  x-movement o f  th e  p o s i t i o n in g  s ta g e .  
T h is  m e an t t h a t  th e  p o l i s h e d  f a c e s  w e re  n o m i n a l l y  p a r a l l e l  t o  e a c h  
o t h e r .
However b e c a u se  t h e  to p  and  b o t to m  f a c e s  o f  t h e  TVC b lo c k s  w e re  n o t  
e x a c t l y  p a r a l l e l ,  t h e  p l a n e  o f  t h e  p o l i s h e d  TVC f a c e s  d id  n o t  l i e  
e x a c t ly  i n  t h e  y - z  p l a n e  o f  t h e  m i c r o p o s i t i o n e r .  At lo w  f i l m  
th i c k n e s s e s ,  t h i s  r e s u l t e d  i n  t h e  TVC's com ing  i n t o  c o n t a c t  w i t h  e a c h
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o th e r  a t  t h e i r  e x t r e m i t i e s .  M echanical movement i n  the  x - d i r e c t i o n  a t  
low s e p a r a t i o n s  p ro d u c e d  movement i n  o t h e r  d i r e c t i o n s  and w as 
r e s p o n s ib le  f o r  th e  e r r o r  i n  t a b l e  5.1. T h is  showed th e  d i f f i c u l t y  o f  
m e c h a n ic a l ly  c r e a t i n g  o p t i c a l  w a v e g u id e s  o f  low  mode o r d e r .  A c c u r a t e  
a l ignm en t o f  th e  two s i n g l e  mode f i b r e s  was n o t  p o s s i b l e  i n  t h i s  
c o n f ig u r a t io n  a t  f i l m  t h i c k n e s s e s  below  10pm. The m e a su re m e n t  showed 
however t h a t  the  o p t i c a l  th ic k n e s s  measurements were a c c u ra te .
5 .2 .5  Measurement o f  Coupler Loss
I t  w as i m p o r t a n t  to  e s t a b l i s h  th e  e f f i c i e n c y  o f  t h e  f i b r e  f i l m  
co u p l in g  p ro cess .  A 4m le n g th  o f  i d e n t i c a l  f i b r e  was fu s io n  s p l i c e d  to  
th e  f i b r e  p i g t a i l  o f  t h e  TVC c o n n e c te d  to  th e  w h i t e  l i g h t  s o u r c e .  The 
experim en t above was r e p e a te d  w ith  an o p t i c a l l y  th in n e r  f i lm  o f  index  
njj=1.500 and t h i c k n e s s  t=12.5pm. The o u tp u t  pow er s p e c t ru m  o f  th e  
co u p le r  was m e a su re d  and s t o r e d  th e n  th e  i n p u t  f i b r e  was c l e a v e d  ( to  
in c lu d e  t h e  s p l i c e )  and c o n n e c te d  to  th e  OSA g i v i n g  th e  i n p u t  pow er 
spectrum . By s u b t r a c t io n  the  l o s s  through the  f i b r e - f i l m - f i b r e  co u p le r  
was o b t a i n e d  a t  eac h  w a v e le n g th .  T h is  i s  shown i n  t h e  t r a n s m i s s i o n  
spec trum  o f  f i g u r e  5.11.
Coupling was through the  6^^ and h igher  modes and th e  minimum lo s s ,  
o c c u r r in g  a t  1.36pm was 2dB. The t r a n s m i s s i o n  o f  h ig h e r  o r d e r  modes 
(m=7,8) w as  p r o g r e s s i v e l y  l e s s  e f f i c i e n t .  I n t u i t i v e l y  t h i s  i s  
r e a s o n a b le  s i n c e  th e  f i b r e  mode e x te n d s  f u r t h e r  i n t o  th e  c l a d d i n g  a t  
lo n g e r  w a v e l e n g t h s  and th e  o v e r l a p  i n t e g r a l  f o r  lo w e r  o r d e r  m odes i s  
ex p ec ted  to  be l a r g e r ,  g iv in g  in c re a s e d  coupling . This e f f e c t  would be 
l e s s  pronounced f o r  d i f f e r e n c e s  between the m ^  and (m+1)^^ modes a s  m 
was in c re a s e d .  The i n s e r t i o n  lo s s  o f  t h i s  dev ice ,  a s  an i n - l i n e  f i b r e -  
f i l t e r  o f  2dB showed th a t  e f f i c i e n t  evanescent f i e l d  coup ling  between a 
monomode f i b r e  and a t h i n  f i l m  waveguide was a p r a c t i c a l  r e a l i t y .
5 .3  I n v e s t i g a t i o n  o f  mode s in k in g  and o f  coupled beam shape.
In  th e  ex p e r im en ts  d e t a i l e d  above th e re  was l i t t l e  evidence o f  power 
le ak ag e  by mode s in k in g  from the  f ib r e .  Consider the d i s p e r s io n  diagram  
o f  f i g u r e  5 .10b . At X=1.58pm, th e  f i b r e  mode e f f e c t i v e  in d e x  e q u a l l e d  
t h a t  o f  the  m=47 f i lm  mode. The e f f e c t iv e  index o f  the  m=46 f i lm  mode 
was l a r g e r  th a n  t h a t  o f  th e  f i b r e  mode a t  t h i s  w a v e le n g th .  Thus t h e  
mode—s in k in g  c o n d i t io n  d e sc r ib e d  in  chap ter  3, kg>p was s a t i s f i e d  and 
power le ak ag e  was expec ted  to  occur from the f i b r e  i n t o  t h i s  f i lm  mode.
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A ctu a l  t r a n s m is s io n  l e v e l s  from f i b r e  t o  f i lm  t o  f i b r e  showing 
s y n c h rw o u s  co u p l in g  t o  f i lm  modes ( f i lm  th ic k n e s s  53.4  wn, 
index  = 1 .6 2 0 )•
F igu re  5 .10  a)
effective index
1.449
■ K i"N.
I l  f i f  t l i . t  11 L l r l t  11 il. Il1.441
1.2 1.6
wavelength (/im)
Calculated peak posiHor\S. 
Okserv/cd peak posiHwiS.
D is p e r s io n  d iagram  o f  p la n a r  f i lm  (index = 1 .620 , th i c k n e s s
5 3 .4  ym) and s ing le -m ode f i b r e ,  in c lu d in g  m a te r ia l  
d i s p e r s i o n .  The dashed l i n e s  show th e  in d iv id u a l  f i lm  modes, 
th e  d o t t e d  l i n e  i s  th e  f i b r e  mode and th e  so l id  l i n e  i s  
th e  s i l i c a  c la d d in g .
F ig u re  5 .10  b)
TRANSMISSION
m=6
m=7
m=8
s  -5
-10
1.61 0  WAVELENGTH |jm
F i g u r e  5 .11  Normalised transm ission  from f ib r e  to  film  to  f ib r e  
( f ilm  th ick n ess  12.5|im, nj,=1.500)
However i f  t h e  r a t e  o f  l e a k a g e  was e .g .  a few  dB p e r  km, th e n  o v e r  a  c o u p l  
l e n g th  o f  s e v e r a l  h u n d re d  m i c r o n s ,  t h i s  e f f e c t  w ould  have been  
n e g l i g i b l e .  We r e f e r  t o  t h i s  a s  mode s i n k i n g  to  a mode o f  lo w e r  o r d e r  
th a n  th e  synchronous f i lm  mode.
In  th e  fo l lo w in g  s e c t io n  we c o n s id e r  i n  more d e t a i l  weak coup ling  o f  
th e  f i b r e  mode a t  w aveleng ths  around the  synchronous w avelength  (which 
i s  deno ted  Xg) to  the  f i lm  mode which i s  synchronous a t  Xg. In  s e c t io n
5 .4  we i n t e r p r e t  t h e  a c t u a l  c o u p l e r  b e h a v io u r  f rom  an " e x a c t "  BPM 
c a l c u l a t i o n .  The weak c o u p l in g  b e h a v io u r  d e s c r i b e d  h e r e  i s  a u s e f u l  
in t e r m e d ia te  s te p  i n  the u n d ers tand ing  o f  th e  a c t u a l  coupling  d e sc r ib e d  
l a t e r .
5 . 3 .1  T h e o r e t ic a l  w avelength  dependence o f  weak coupling .
( i )  At a w a v e le n g th  Xg, p ( f i b r e ) = k g ( f i l m )  t h e  f i b r e  i s  sy n c h ro n o u s  
w i th  th e  fo rw ard  mode o f  the  f i lm  and power i s  coupled from the  f i b r e  
i n t o  t h i s  f i l m  mode. At a s m a l l  a n g le  ( i n  t h e  y - z  p la n e )  +0 to  t h e  z -  
a x i s ,  kg CO 80 i s  s l i g h t l y  l e s s  th a n  p. Power i s  coupled l e s s  e f f i c i e n t l y  
t o  t h e  mode p r o p a g a t i n g  a t  t h i s  a n g l e ,  k g (0 ) s i n c e  c o u p l in g  i s  n o n -  
synchronous. As 0 and the  o f f - a x i s  component ky in c re a s e ,  the  mismatch 
between kg and Ç) in c r e a s e s ,  r a p id ly  reduc ing  the  e f f i c i e n c y  w ith  which 
power i s  c o u p le d  i n t o  th e  mode k g ( 0 ); F ig u r e  5.12 a , c .
The power coupled i n t o  each mode ky i s  d i r e c t l y  r e l a t e d  to  th e  wave 
a m p li tu d e  fu n c t io n  o f  the  beam i n  th e  s la b  guide . The F o u r ie r  tran s fo rm  
o f  th e  wave am p li tude  fu n c t io n  ( in  the p a r a x ia l  l i m i t )  g iv e s  the beam 
shape. T h i s  i s  shown i n  f i g u r e  5.12 c ,d .  S in c e  U(k^) i s  m o n o t o n ic a l ly  
d e c r e a s in g ,  u (x )  a l s o  d e c r e a s e s  m o n o t o n i c a l l y ,  i . e .  th e  beam h a s  
e f f e c t i v e l y  a f i n i t e  w id th  as  r e q u i r e d  by power c o n s id e ra t io n s .  Power 
i s  c o u p le d  f rom  th e  f i b r e  i n t o  a beam o f  f i n i t e  w i d t h ,  t r a v e l l i n g  i n  
th e  z - d i r e c t i o n  i n  th e  f i l m .  T h is  i s  r e f e r r e d  to  a s  sy n c h ro n o u s  
c o u p l in g .
( i i )  At a w avelength Xp^ ,^ s l i g h t l y  l a r g e r  than  Xg, P>k® and th e  f i b r e  
i s  p h a s e  m is m a tc h e d  t o  t h e  mode co n t in u u m  i n  t h e  f i l m .  The minimum 
mismatch o c c u r s  f o r  k^=kg and  th e  pow er t r a n s f e r r e d  to  th e  a x i a l l y  
p ro p a g a t in g  mode w i l l  be g r e a t e r  th a n  t h a t  t r a n s f e r r e d  t o  modes 
p ro p a g a t in g  o f f  a x i s  i n  th e  manner d esc r ib e d  f o r  Xg above. In  t o t a l  th e  
r a t e  o f  power coupling  from th e  f i b r e  w i l l  be s i g n i f i c a n t l y  l e s s  than  
f o r  t h e  s y n c h ro n o u s  c a se  and w i l l  f a l l  v e ry  r a p i d l y  w i th  i n c r e a s i n g  
mismatch. The coupled beam i n  th e  f i lm  w i l l  s i m i l a r l y  propagate  a long  
th e  z - a x i s  and w i l l  be o f  f i n i t e  w idth but w ith  reduced am plitude. This
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F ig u re  5 .12  a )  Angular mismatch a t  synchronous wavelength, .
b) Coupler geometry ( p a r a l l e l  gu ides).
c)  Beam am plitude fu n c t io n .
d) Beam shape.
i s  r e f e r r e d  to  as  phase mism atched coupling .
( i i i )  At a  w avelength  s l i g h t l y  s h o r te r  than  Xg, p<k“  and th e  f i b r e
i s  matched to  a p o in t  i n  th e  mode continuum (of the  m^^ mode). Power i s  
synchronously  coupled o f f  a x i s  a t  a n g le s  ±8^^  ^ g iven  by;
(5.5)
In  a  s i m i l a r  manner to  the  above, f i lm  modes p ropaga t ing  a t  an ang le  
±60 t o  t h e  mode s i n k i n g  a n g l e  ± 0 ^^  ^ a r e  s l i g h t l y  m i s m a t c h e d .  
C orrespond ing ly  l e s s  power w i l l  be coupled to  th e se  modes. We th e r e f o r e  
e x p e c t  two beams o f  f i n i t e  w id th  p ro p ag a t in g  a t  a n g le s  ±0^^ to  th e  z -  
a x i s .  This  i s  r e f e r r e d  t o  a s  mode s in k in g .  The phase f r o n t s  o f  th e  mode 
s in k in g  beams a re  p a ra b o l ic  w ith  a l a rg e  r a d iu s  o f  cu rv a tu re  (p a ra x ia l  
approx im ation)  and a re  e f f e c t i v e l y  normal to  the p ropaga t ion  d i r e c t i o n  
±0Qjg. The p h a se  f r o n t s  o f  t h e  f i b r e  modes a r e  n o rm a l (G a u s s ia n  
ap p ro x im atio n  -  see ch.2.3.5) to  th e  f i b r e  a x i s .  As the  d i f f e r e n c e  (kg -  
P) i n c r e a s e s ,  th e  ang le  0 ^^  ^ i n c r e a s e s  and th e  ang le  between th e  f i b r e  
and coupled beam phase f r o n t s  in c r e a s e s .  This i n t u i t i v e l y  reduces  th e  
o v e r la p  i n t e g r a l  between th e  f i b r e  and f i l m  modes and reduces  the  r a t e  
o f  pow er l e a k a g e  from  th e  f i b r e .  The m ism a tc h  (k g ” ^ -p )  i s  v e r y  much 
l a r g e r  t h a n  ( k ^ - p )  a n d  l e a k a g e  t o  l o w e r  o r d e r  m odes  t h a n  t h e  
synchronous mode i s  t h e r e f o r e  expec ted  to  be much low er.
To sum m arise, f o r  weak c o u p lin g  th e  f i b r e  lo s s  and coupled beam shape 
depend on th e  r e l a t i o n s h i p  between p and k j  acco rd ing  to ;
P>kg phase mismatch, a x i a l l y  p rop ag a t in g  beam. (5 .6 )
P=kg synchronous, a x i a l l y  p ro p a g a t in g  beam. (5 .7)
p<kg m ode-s ink ing , two beams p ropaga t ing  a t  an (5 .8)
an g le  iB^g to  th e  f i b r e  a x i s .
The f i b r e  mode i s  e x p e c t e d  t o  be e f f e c t i v e l y  d e c o u p le d  from  th e  f i l m  
modes k®“ ^ and kg"*"^  by the  l a r g e  mismatch between th e  a x i a l  e f f e c t i v e  
i n d i c e s .
5 .3 .2  E x p er im en ta l  Wavelength Dependence o f  Mode-Sinking.
I t  w as r e a l i s e d  t h a t  i f  mode s i n k i n g  o c c u r r e d  th e n  i t  w ould  be 
observed  by in c r e a s in g  th e  spac ing  between th e  in p u t  and ou tpu t f i b r e s .  
In  t h i s  case  ( f ig u r e  5.13) th e  mode s in k in g  beams would not be coupled 
to  t h e  o u t p u t  f i b r e  s i n c e  th e y  w ould  no lo n g e r  be i n  p r o x i m i t y  t o  i t .
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F ig u re  5 .1 4  Sharp c u t - o f f  f i l t e r  c h a r a c t e r i s t i c  caused by mode-sinking 
F ib r e - f i l m  f i b r e  t r a n sm is s io n  through two 0 .50° TVC b locks 
. Film th ic k n e s s  12pm, modes 11 and upwards.
The synchronous and phase misniatched beams, d i r e c t e d  on a x i s  would be 
e f f i c i e n t l y  c o u p l e d .  U s in g  t h e  e x p e r i m e n t a l  a r r a n g e m e n t  a n d  
n o r m a l i s a t io n  techn ique  d e sc r ib e d  above, the  i n s e r t i o n  lo s s  spectrum of 
two 0 ,5 0 °  TVC's w i th  a c o re  s e p a r a t i o n  s o f  a p p r o x i m a t e l y  1mm was 
re c o rd e d  ( f i g u r e  5 .14 ).  The f i l m  t h i c k n e s s  and in d e x  w ere  t=12pm and 
njj=1.620. The f i l m  modes were m=ll and upwards.
The s h a r p  c u t - o f f  f i l t e r  c h a r a c t e r i s t i c  o b s e r v e d ,  s u p p o r te d  
e x p e r im e n ta l ly  the t h e o r e t i c a l  e x p la n a t io n  based on weak coupling  g iven  
i n  s e c t i o n  5 .3 .1 .  O ver t h e  w a v e l e n g t h  r a n g e  1 . 3 3 - 1 , 32pm t h e  
t r a n s m is s io n  o f  the  coupler  dropped by more than  17dB. This f ig u r e  was 
l i m i t e d  by th e  dynamic range of measurement a v a i l a b l e .
A second exp er im en t was perform ed a t  633nm u s in g  a TVC w ith  s tan d ard ,  
ty p e  B f i b r e  a s  above . The f i b r e  s u p p o r te d  4 LP modes a t  t h i s  
w aveleng th . L a s e r  l i g h t  a t  X=633nm was end f i r e  la u n c h e d  i n t o  th e  
c le a v e d  f i b r e  en d face us ing  the  ap p a ra tu s  d e s c r ib e d  in  s e c t io n  4.4.1. A 
' ' f l i p - c h i p "  was c lam ped  to  th e  p o l i s h e d  f a c e  o f  th e  TVC t o  p r o v id e  
th e  t h i n  f i l m  waveguide. The f l i p - c h i p  c o n s is te d  o f  a po lished  s i l i c a  
d i s c  on which was d ep o s ited  a low index p a s s iv e  m a te r i a l  (approxim ate 
in d e x  n=1.51 ( a t  633nm) and t=2.5pm ). I  am g r a t e f u l  to  B . J .A i n s l i e  o f  
B.T.R.L. f o r  supp ly ing  t h i s  m a te r i a l .  The f i lm  supported  two modes a t  
633nm^^®^. Mode s in k in g  was observed and can be c l e a r ly  seen in  f ig u r e  
5 .15 .  The p h o to g ra p h  show s th e  p la n e  o f  th e  s l a b  g u id e .
The h ig h e r  o rd e r  f i b r e  modes were c lo se ly  spaced in  e f f e c t i v e  index 
and had  a l o w e r  e f f e c t i v e  in d e x  th a n  th e  LPq^ mode. Thus t h e i r  mode 
s in k in g  a n g l e s  w e re  s m a l l e r  and more c l o s e l y  s p a c e d .  The f u n d a m e n ta l  
f i b r e  mode s u f f e r e d  l e a k a g e  a t  th e  l a r g e s t  a n g l e .  T h is  s i n g l e  
w aveleng th  experim en t supported  the  evidence of m ode-sinking r e p o r te d  
in  s e c t i o n  5 . 3.2 above and d e m o n s t r a t e d  t r a n s v e r s e  c o u p l in g  from  a 
s i n g l e  mode f i b r e  to  a f l i p - c h i p .  These e x p e r i m e n t s  showed t h a t  th e  
concep t o f  mode s i n k i n g  f rom  a 2-D c o n f in e d  g u id e  t o  a 1-D c o n f in e d  
g u id e  was v a l i d  and o f  p r a c t i c a l  i n t e r e s t .
5 .4  BPM A n a ly s is  o f  f i b r e - f i l m  coup ling  u s ing  the  TVC.
Coupling b e tw e e n  th e  TVC and a t h i n  f i l m  was a n a l y s e d  u s in g  a 3 -  
d im en s io n a l  BPM p ro g ram . The p r o p a g a t i n g  f i e l d  was a n a ly s e d  a t  1pm 
i n t e r v a l s  o v e r  a 900pm l e n g t h  ( f i g u r e  f.lka ) .  T h i s  t e c h n i q u e  u s e d  
s u b s t a n t i a l  c o m p u t in g  t im e  and t h e r e f o r e  o n ly  one ru n  was p o s s i b l e .  I
am i n d e b t e d  t o  J . V . W r i g h t  o f  B.T.R.L.  f o r  p e r f o r m i n g  t h e s e  
c a l c u l a t i o n s .
7 1
F ig u re  5 .15 Mode s in k in g  to  a p la n a r  f l i p - c h ip ,
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The c o u p l e r  s t r u c t u r e  i s  shown i n  f igure5 .IU . The i n i t i a l  f i e l d  was 
t h a t  o f  th e  f i b r e  mode, la u n c h e d  a t  -SOO^im. The f i e l d  o f  th e
com posite  w a v e g u i d e  w as  c a l c u l a t e d  a t  Ipm i n t e r v a l s  f o r  900pm 
t h e r e a f t e r ,  z =0 c o r r e s p o n d s  t o  th e  p o i n t  a t  w h ich  e x a c t l y  h a l f  o f  t h e  
f i b r e  core  rem ains . P lo t s  o f  the  f i e l d  a t  100pm i n t e r v a l s  a r e  shown i n  
f i g u r e s  5 , 1 7 ( i - i x ) .  The c r o s s - s e c t i o n s  o f  th e  c o m p o s i te  f i b r e - f i l m  
g u id e  a t  e ac h  o f  t h e  p l o t t e d  f i e l d  p o s i t i o n s  a r e  shown ( to  s c a l e )  i n  
f i g u r e  5.16b. The f i e l d  p l o t s  were no rm alised  by s e t t i n g  the  peak f i e l d  
i n  t h e  f i b r e  to  a c o n s t a n t  l e v e l .  The f i l m  and f i b r e  mode p r o p a g a t i o n  
c o n s ta n t s  a r e  l i s t e d  i n  t a b l e  5.2. The f i l m  t h i c k n e s s  and in d e x  w ere  
t=20pm and n=1.46. The w a v e le n g th  was 1.3pm and th e  f i b r e  p a r a m e t e r s  
were Ag=0.004, ag=4.25pm. A low moded f i l m  was u sed  t o  sav e  c o m p u t in g  
t im e. The TEg mode was s u f f i c i e n t l y  near c u t - o f f  to  be n e g l ig ib le .
Tab le  5.2 E f f e c t iv e  i n d i c e s  o f  gu ide  modes fo r  BPM c a l c u la t io n .
Mode E f fe c t iv e  index .
Film TEq 1.4597
Film TEj 1.4588
Film TE^ 1.4574
Film TEg 1.4555
Film TE^ 1.4531
F ib re  LPqj 1.4519
Film TE, 1.4504 n e g l ig ib l e
The mode s in k in g  c o n d i t io n  was s a t i s f i e d  by the  TEq-TE^ f i lm  modes but 
le a k a g e  to  th e  TE^ mode was expec ted  to  be dominant.
5 . 4 .1  I n t e r p r e t a t i o n  o f  f i e l d  p lo t s .
F ig u re  5 .1 7 ( i )  show s weak c o u p l in g  from  th e  f i b r e  to  th e  TE^ mode. 
The a m p l i t u d e  o f  t h e  c o u p le d  beam i n  th e  t r a n s v e r s e  y - d i r e c t i o n  
d e c re a s e s  m o n o t o n i c a l l y  from  a c e n t r a l  peak  as  p r e d i c t e d  by F ig u r e  
5 .1 2 c ,d .  The c o re  f i l m  s e p a r a t i o n  i s  1.86pm. I t  was n o t  p o s s i b l e  to  
c a l c u l a t e  s e p a r a t e l y  th e  p r o p a g a t i o n  o f  th e  f i e l d  a t  t h i s  p a r t i c u l a r  
c r o s s - s e c t io n .  However i t  i s  apparen t from the  f i e l d  p lo t s  t h a t  a beam 
o f  f i n i t e  w id th  p ro p ag a te s  a x i a l l y  as  the guide c r o s s - s e c t io n  changes.
F ig u re  5 . 1 7 ( i i )  show s t h e  f i e l d  a f u r t h e r  100pm a lo n g  th e  c o u p l e r .  
The gu ide  s e p a ra t io n  i s  now 0.99pm and the  coupling  c h a r a c t e r i s t i c s  a r e  
s i m i l a r  t o  t h o s e  ab o v e .  T h ere  i s  no e v id e n c e  o f  mode—s i n k i n g .  F ig u r e
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The f i e l d  a m p l i t u d e  i n  t h e  f i l m  c o n t i n u e s  t o  grow and 
t h e r e  i s  no ev idence  o f  o f f - a x i s  p ropagation .
5 .17 (v )  The pow er c o u p le d  to  t h e  TE^ mode h a s  i n c r e a s e d  b u t  
th e  beam i n  t h e  f i l m  i s  no l o n g e r  m o n o t o n ic a l ly  d e c r e a s i n g  i n  t h e  y -  
d i r e c t i o n .  The f i l m  mode peak  n e a r e s t  th e  f i b r e  c o re  h a s  a  t u r n i n g  
p o in t  (-a r r o w e d ) . T h i s  i s  l e a k a g e  due to  mode s i n k i n g .  F ig u r e  5 . 1 7 ( v i -  
v i l i )  The fo rw ard  p ro p a g a t in g  beam and th e  two o f f - a x i s  beams a r e  now 
e s t a b l i s h e d .  F i g u r e  5 . 1 7 ( v i i i )  The c o r e  r e g i o n  h a s  now been  h a l v e d  b u t  
c o n t in u e s  t o  g u id e  a s i g n i f i c a n t  q u a n t i t y  o f  pow er. F ig u r e  5 . 1 7 ( v i i i -  
i x )  The complex p a t t e r n  o f  tu rn in g  p o in ts  i n  the  y - d i r e c t i o n  i n d i c a t e s  
in te r -m o d a l  i n t e r f e r e n c e .  T h is  means t h a t  the  leakage  o f  power from the  
f i b r e  c o r e  i n t o  TE^ and TE g modes ( a t  l e a s t )  i s  now o c c u r i n g .  T h is  
e f f e c t  w ou ld  be s m a l l e r  f o r  h i g h e r  o r d e r  modes o f  a  h ig h  in d e x  f i l m  
s in c e  th e  mism atch between modes would be la r g e r .
I n  o rd e r  to  i n t e r p r e t  th e  f i e l d  am p litude  p r o f i l e s  i t  i s  p r e f e r a b l e  to  
c o n s id e r  t h e  f i b r e  and  f i l m ,  a t  each  c r o s s - s e c t i o n  t o  be  a  c o m p o s i te  
r ib -w av eg u id e  r a t h e r  th an  two s e p a ra te ly  coupled g u id es .  The assum ption  
o f  w eak  c o u p l i n g  i s  no l o n g e r  v a l i d  i n  t h i s  c a s e .  The f i b r e  c o r e  a c t s  
a s  a  p e r t u r b a t i o n  t o  t h e  p l a n a r  g u id e  and p r o v i d e s  a  d e g r e e  o f  
t r a n s v e r s e  ( y - a x i s )  c o n f in e m e n t .  The m odal s o l u t i o n s  a t  a r b i t r a r y  
d i r e c t i o n s  i n  t h e  s l a b  a r e  lo a d e d  by th e  f i b r e  t o  g i v e  a  p r o p a g a t i n g  
f i e l d  i n  th e  z - d i r e c t i o n .  S i m i l a r l y  th e  p la n a r  guide  p e r tu rb s  th e  f i b r e  
s in c e  i t  i s  a  m ode-sink . T h is  g iv e s  r i s e  to  two s e p a ra te  and d iv e rg in g  
beams i n  th e  f i lm  a s  power i s  coupled frcm th e  f i b r e .
The f i e l d  i n i t i a l l y  launched i n  th e  i s o l a t e d  f i b r e  i s  a  guided mode 
s o l u t i o n  a t  t h a t  c r o s s - s e c t io n .  As the  core  f i lm  s e p a ra t io n  d e c re a se s  
th e  g u i d e s  becom e c o u p le d  and th e  f i b r e  mode f i e l d  i s  no l o n g e r  a 
gu ided  mode s o lu t i o n  a t  the  new c r o s s - s e c t io n .  Now the  coup ler  c r o s s -  
s e c t i o n  changes s lo w ly  and smoothly. There fore  the  over lap  between 
th e  t r a n s v e r s e  mode f i e l d s  a t  any two, c lo s e ly  spaced c r o s s - s e c t io n s  i s  
v e ry  n e a r ly  u n i ty .  Thus power i s  e f f i c i e n t l y  t r a n s f e r r e d  from the  mode 
f i e l d  a t  one c r o s s - s e c t i o n  t o  th e  new mode f i e l d  a t  a l a t e r  c r o s s  
s e c t io n .  The a x i a l l y  p ro p a g a t in g  mode F igure  5 .1 7 (i - ix )  i s  the  s o lu t io n  
o f  t h e  a n g u l a r l y  d e g e n e r a t e  s l a b  f i e l d s ,  t r a n s v e r s e l y  lo a d e d  by th e  
f i b r e .  The o f f - a x i s  m o d e - s in k in g  can  be th o u g h t  o f  s i m i l a r l y  a s  th e  
s o l u t i o n  o f  t h e  f i b r e  mode lo a d e d  by t h e  mode s in k .  i . e .  t h e r e  a r e  two 
s o l u t i o n s  p r e s e n t  f o r  each w avelength .
As t h e  r e m a i n i n g  c o r e  a r e a  f a l l s ,  t h e  d e g r e e  o f  t r a n s v e r s e  
confinem ent th e  f i b r e  p ro v id es  a l s o  f a l l s  and the  f i e l d  s o lu t io n s  have 
a  l a r g e r  t r a n s v e r s e  e x t e n t .  U l t i m a t e l y  th e  c o re  a r e a  i s  z e r o  and  th e
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f i e l d  s o l u t i o n s  h ave  an  i n f i n i t e  e x t e n t ,  i . e .  t h e  beam d i v e r g e s .  I f  a 
beam o f  i d e n t i c a l  am p li tu d e  d i s t r i b u t i o n  but w ith  a convergence equa l 
t o  t h e  d iv e r g e n c e  o f  t h e  o r i g i n a l  was l a u n c h e d  i n  t h e  f i l m  i t  w ou ld  
coup le  t o t a l l y  i n t o  the  f i b r e .  However the o u tp u t f i b r e  i n  the  fa c e  to  
f a c e  TVC arrangem ent o f  f ig u r e  5.4 sees  a d iv e rg e n t  f i e l d  which cannot 
t h e r e f o r e  couple t o t a l l y  t o  th e  f i b r e .  This i s  a fundam ental sou rce  o f  
l o s s  i n  t h e  o i l  f i l m  e x p e r i m e n t s  d e s c r i b e d  and p a r t l y  e x p l a i n s  t h e  
c o u p le r  i n s e r t i o n  l o s s e s  measured.
At any  p a r t i c u l a r  w a v e le n g th  th e  two s e t s  o f  s o l u t i o n s  c o u ld  be 
p l o t t e d ,  f o r  each  c r o s s  s e c t i o n ,  f o rm in g  two " b r a n c h e s " .  The ch an g e  
i n  c o u p l in g  c h a r a c t e r i s t i c  w ith  w avelength i s  th e  r e s u l t  of changes i n  
power d i s t r i b u t i o n  b e tw e e n  th e  s o l u t i o n  b r a n c h e s .  At a s y n c h ro n o u s  
w ave leng th ,  more pow er w ou ld  i n i t i a l l y  c o u p le  i n t o  a r i b  mode o f  t h e  
com posite  g u id e .  C o n v e r s e ly ,  a t  a p h a se  m ism a tc h e d  w a v e le n g th  l e s s  
power would be i n i t i a l l y  coupled  i n t o  mode s in k in g  beams.
These r e s u l t s  show t h a t  mode s in k in g  occurs  to  beams o f  f i n i t e  w id th ,  
composed o f  p la n e  w aves  p r o p a g a t i n g  a t  a n g l e s  +0 t o  t h e  beam a x i s .  I n  
t h i s  r e s p e c t  th e y  e x t e n d  t h e  mode s i n k i n g  a n a l y s e s  o f  Arnaud and  
M a r c a t i l i  who c o n s id e re d  co u p l in g  to  only one p lane  wave.
5 .5  Summarv
The w aveleng th  dependence of  t r a n s v e r s e  coup ling  between a ^ n g l e  mode 
f i b r e  and a multim ode p la n a r  waveguide has been in v e s t ig a t e d  u s in g  the  
TVC. I n i t i a l  i n v e s t i g a t i o n s  i n d i c a te d  th a t  th e  coupling  behaviour was 
s i m i l a r  t o  t h a t  o f  g u id es  having  equal confinem ent ( f ig u re  5.2,5.6) but 
t h i s  w as l a t e r  shown t o  be a s p e c i a l  c a s e  ( f i g u r e  5 .14). A t h e o r e t i c a l  
e x p la n a t io n  b a s e d  on t h e  e a r l y  a n a l y s e s  o f  Arnaud and M a r c a t i l i  w as  
developed . T h is  gave a q u a l i t a t i v e  r a t h e r  than  q u a n t i t a t i v e  d e s c r ip t io n  
o f  t h e  c o u p l in g  p r o c e s s  and  was l i m i t e d  by th e  'w e a k - c o u p l i n g '  
a ssu m p tio n  i n  w ha t was e s s e n t i a l l y  a ' s t r o n g  c o u p l in g *  p ro b lem . The 
e s s e n c e  o f  the  w eak-coupling  th eo ry  was th a t  m ode-sinking and o n -a x is  
c o u p l in g  occu rred  a t  d i f f e r e n t  w avelengths  acc o rd in g  to  the  mismatch in  
th e  l o n g i t u d i n a l  p ro p a g a t io n  c o n s ta n t s  ( f ig u re  5.1). A BPM a n a ly s i s  o f  
th e  co u p l in g  p ro cess  showed t h a t  i n  th e  case o f  s tro n g  coupling , both 
e le m e n ts ,  m o d e - s i n k in g  and  o n - a x i s  c o u p l in g  w ere  p r e s e n t  a t  a s i n g l e  
w aveleng th . Two s o l u t i o n s  w ere  i n d i c a t e d  f o r  each  w a v e le n g th ;  a 
p e r t u r b a t i o n  o f  th e  f i b r e  mode by th e  f i lm  and s i m i l a r l y  a p e r tu r b a t io n  
o f  th e  f i l m  modes by th e  f i b r e .
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Prism  c o u p l i n g  f ro m  t h e  TVC, d e s c r i b e d  i n  c h a p t e r  4,  had  i n d i c a t e d  
t h a t  cou p lin g  occured  bo th  i n  th e  tap e red  core  r e g io n  and i n  th e  re g io n  
o f  t h i n  c la d d in g  p rece d in g  i t .  This  was confirm ed by the  BPM a n a l y s i s  
which a l s o  showed t h a t  th e  m a jo r i ty  o f  power t r a n s f e r  took p la c e  i n  the  
t a p e r  re g io n .  T h is  i s  an im p o r ta n t  o b se rv a t io n  s in ce  the  to l e r a n c e s  f o r  
t a p e r  co u p lin g  a re  l e s s  s t r i n g e n t  than f o r  s im ple  d i r e c t i o n a l  coup ling .
A j i g  w as c o n s t r u c t e d  w h ic h  a l lo w e d  c o n t i n u o u s l y  t u n a b l e  f i l m  
th i c k n e s s e s ,  f o r  a  r a n g e  o f  r e f r a c t i v e  i n d i c e s  t o  be u se d  i n  c o u p l in g  
e x p er im en ts .  U s i n g  t h i s  j i g ,  f i b r e - f i l m  - f i b r e  c o u p l i n g  w as  
dem onstra ted  w ith  an i n s e r t i o n  l o s s  o f  2dB.
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Chapter 6 Coupling from the TVC to Rib Waveguides
6 .1  I n t r o d u c t io n
In  ch ap te r  5. i t  was shown th a t  l i g h t  could be e f f i c i e n t l y  coupled 
between th e  TVC and in d iv id u a l  modes o f  a multimode p la n a r  waveguide. 
I n  t h i s  c h a p t e r  c o u p l in g  to  p o ly m er  and f l i p  c h ip  w a v e g u id e s  i s  
d e s c r ib e d ,  w i th  d e t a i l s  o f  th e  g u id e  f a b r i c a t i o n .  The r a n g e  o f  
waveguide f a b r i c a t i o n  t e c h n i q u e s  s u i t a b l e  f o r  use  w i th  th e  TVC was 
l i m i t e d  as  ex p la in ed  in  c h a p te r  4.
P a ss iv e  p o ly m er  w a v e g u id e s  w ere  d e v e lo p e d  as  e a r l y  a s  1970^ and 
doped polymer gu ides  e x h i b i t i n g  l a s in g  were r e p o r te d  i n  1972%. Since 
th e n  t h e i r  u se  h a s  become w id e s p r e a d  p a r t i c u l a r l y  i n  n o n - l i n e a r  
o p t i c s ^ .  C hannel w a v e g u id e s  have been  made by d o p in g  th e  p o ly m er  
m a tr ix  w ith  photochrom ie compounds^. Although they  do not i n  g en e ra l  
have t h e  h ig h  e n v i r o n m e n t a l  r e s i s t a n c e  o f  g l a s s  w a v e g u id e s  th e y  a r e  
u s e f u l  i n  d e v ic e  d e v e lo p m e n t  s in c e  th e y  a r e  r e l a t i v e l y  s im p l e  t o  
f a b r i c a t e .  The polymer gu ides  used i n  these  ex p er im en ts  were undoped 
and w ere made us ing  a d ip - c o a t in g  techn ique .
6 .2  D ip -co a t in g
The d i p - c o a t i n g  t e c h n i q u e ^  f o r  f a b r i c a t i n g  t h i n  f i l m s  i s  
r e l a t i v e l y  s im p l e  and i n e x p e n s i v e .  For p o ly m e rs  i t  d o e s  n o t  r e q u i r e  
g r e a t l y  e le v a te d  te m p e ra tu re s  a l though  these  a re  r e q u i re d  fo r  s o lu t io n  
d e p o s i t io n  o f  s i l i c a t e  g la s s e s ^ .  The d ip -c o a t in g  ap p a ra tu s  i s  shown i n  
f i g u r e  6.1. The b a s i s  o f  the  techn ique  was th a t  a sample was w ithdraw n 
a t  a s t e a d y  sp eed  f rom  a b a th  o f  po ly m er  s o l u t i o n .  The s o l v e n t  was 
v o l a t i l e  and as  the  sample emerged from the bath i t  evapora ted  le a v in g  
a polymer f i l m ,  c o a t in g  the sample. The sample was then p laced  i n  an 
oven to  d r i v e  o u t  r e s i d u a l  s o l v e n t  l e a v i n g  a h a rd  t r a n s p a r e n t  f i l m .  
High d r a w - s p e e d  s t a b i l i t y  w as o b t a in e d  by th e  u se  o f  r e d u c t i o n  g e a r s  
between th e  d .c . m o to r  and t r a v e l  s c re w . The p o l a r i t y  o f  th e  m o to r  
d r iv in g  v o l t a g e  was changed  by th e  lo w e r  m i c r o s w i t c h  and th e  su p p ly  
sw itched  o f f  by th e  u p p e r  m i c r o s w i t c h .  The speed  r a n g e  o f  th e  sam p le  
h o ld e r  was 0 .1 -0 .6 4 c m s“ ^, o b t a i n e d  by v a r y in g  th e  m o to r  d r i v i n g  
v o l ta g e .  The s o lu t io n  was kep t in  a tem pera tu re  c o n t ro l le d  w ate r  bath 
a t  23.5°C . The s o l v e n t  t r a y ,  shown i n  f i g u r e  6 .1 , c o n t a in e d  th e  same 
s o lv e n t  a s  t h e  b a th  and p r o v id e d  a s o l v e n t  r i c h  a tm o s p h e re  a ro u n d  th e  
sample a s  i t  was w i th d r a w n .  T h is  r e d u c e d  th e  i n i t i a l  r a t e  o f
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Figure  6 .1
e v a p o ra t io n  a l l o w i n g  t h e  f i l m s  to  s t a b i l i s e .  W ith o u t  t h e  t r a y  a s k i n  
formed on th e  f i l m s  w h ich  had poor s u r f a c e  q u a l i t y .  The s o l v e n t  
d i  c h i  or ome thane ' — CH2C I2 was u sed  th r o u g h o u t  t h e s e  e x p e r i m e n t s  f o r  
polymer f i l m s  and th e  p r o p r i e t a r y  s o l v e n t ,  C e l l o s o l v e ,  was u sed  f o r  
p h o t o r e s i s t  f i lm s .
6 .2 .1  S o lu t io n  p r e p a ra t io n  and th ic k n e s s  c a l i b r a t i o n
Polymer s o lu t i o n s  were prepared  a s  fo l lo w s ;  A 200ml b o t t l e  was c leaned  
i n  soap and w a te r  then  r in s e d  in  d e io n ised  w a te r .  I t  was then  r in s e d  
i n  CH2C I2 &ud d r i e d .  The d e s i r e d  m ass o f  p o ly m er  was a c c u r a t e l y  
weighed and added to  th e  b o t t l e .  100ml of CH2CI2 was then  measured and 
added t o  th e  b o t t l e ,  t o g e t h e r  w i th  a m a g n e t ic  s t i r r e r  w h ich  had been  
s i m i l a r l y  c leaned . The s o lu t io n  was then  s t i r r e d  a t  room tem pera tu re  
o v e rn ig h t .  The s o lu t io n s  were found to  have e x c e l l e n t  c l a r i t y  and were 
f r e e  o f  b u b b le s .  The p e r c e n t a g e  w e ig h t  o f  p o ly m er  i n  s o l u t i o n  was 
c a l c u l a t e d  u s i n g  e q u a t i o n  6 .1 .  S i n c e  t h e  d e n s i t y  o f  CH2 C I 2 i s  
1 .3 2 6 k g l“ ^ th e  m ass  o f  100ml was 132 .6g. The m ass o f  p o ly m e r ,  x 
grammes, fo r  an n% w/w s o lu t io n  was g iven  by;
x / ( x  + 132.6) = n/100 6 .1
For a  g iven  s o lu t i o n  c o n c e n tra t io n  (or g iven  v i s c o s i ty )  the  speed range 
o f  th e  d r iv in g  motor corresponded to  a f ix ed  f i l m  th ic k n e s s  range (a t  
c o n s ta n t  te m p era tu re ) .  By d ip -c o a t in g  a s e r i e s  o f  m icroscope s l i d e s  a t  
d i f f e r e n t  draw speeds i t  was p o s s ib le  to  c a l i b r a t e  the  d ip - c o a te r  fo r  
t h a t  p a r t i c u l a r  s o lu t io n .  Film th ic k n e s s e s  were measured by T alys tep . 
A t y p i c a l  c a l i b r a t i o n  p lo t  i s  shown fo r  6% w/w s o lu t io n  o f  Poly Methyl 
Meth A cry la te  (PMMA) i n  f ig u r e  6.2. A fte r  d ip -c o a t in g  the s l i d e s  were 
d r i e d  a t  130°C fo r  6 hours  then  a llow ed  to  cool b e fo re  being measured.
*7
The s l i d e  c le a n in g  procedure  was r e l a t i v e l y  s tanda rd
Scrub i n  soapy w a te r  
Rinse in  d e - io n is e d  w a te r .
U l t r a s o n ic  fo r  lOmins i n  Acetone
U l t r a s o n ic  f o r  lOmins in  iso p ro p y l a lcohol(IP A )
R inse ,  blow d ry ,  le av e  on h o tp la te  f o r  20 m inutes
The same procedure  was employed in  c le a n in g  the  TVC blocks p r io r  
to  c o a t i n g .  The f i l m s  w ere  p in h o l e  f r e e  and v e r y  u n i fo rm .  The
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F ig u re  6.2 C a l ib r a t i o n  curve fo r  d ip  co a t in g  a 6% w/w s o lu t i o n  o f  PMMA 
i n  CH2C12* Draw speed was c a l c u la te d  from the  motor d r iv in g  
v o l ta g e  an d  t h i c k n e s s e s  w e re  o b t a i n e d  f rom  t a l y s t e p  
measurements.
c a l i b r a t i o n  procedure was r e p e a te d  as  r e q u i r e d  fo r  d i f f e r e n t  s o lu t i o n s  
a l lo w in g  a d e s i r e d  th ic k n e s s  to  be o b ta in ed .
6 . a . 2 S in g le  mode PMMA f i lm  d e p o s i te d  on TVC
Using the  d ip  c o a t in g  a p p a ra tu s  d esc r ib e d  above, a 580nm f i lm  o f  
PMHA (Njj = 1.490) was d e p o s i t e d  on a TVC b lo c k  w i th  8b=1.25°. The 
f i l m  s u p p o r t e d  th e  TE^ and TM^ modes o n ly .  L a s e r  l i g h t  a t  633nm w as 
launched  i n t o  th e  f i b r e  p i g t a i l  o f  th e  TVC b u t no c o u p l in g  w as 
observed .  In  o r d e r  t o  v e r i f y  t h a t  th e  f i l m  was g u id i n g ,  a n a r ro w  
beam (focused u s ing  a long fo c a l  le n g th  le n s ,  f  = Im) was p r ism -coup led  
i n t o  t h e  f i l m .  The l a s e r  w as a l i g n e d  to  la u n c h  th e  TE mode. By 
m a n ip u la t in g  th e  m i c r o p o s i t i o n i n g  s t a c k  t o  w hich  th e  prism/TVC w ere  
a t t a c h e d  th e  d i r e c t i o n  o f  t h e  c o u p le d  beam i n  th e  f i l m  was a l t e r e d .  
The r e s u l t s  a r e  shown i n  f ig u r e  6 .3  ( a - e ) .
F igu re  6.3a show s th e  TVC i n  th e  p r i s m  c lam p , m ounted on th e  
m ic ro p o s i t io n in g  s t a g e .  The r e a r  f a c e  o f  t h e  TVC was p a i n t e d  b la c k  to  
i n c r e a s e  th e  c o n t r a s t  d u r i n g  o b s e r v a t i o n .  F i g u r e s  6 .3 c ,e  show an 
a t te m p t  t o  c o u p le  f ro m  a la u n c h e d  f i l m  mode i n t o  th e  f i b r e .  The 
launched  beam was u n a b le  t o  c o n t in u e  p r o p a g a t i o n  i n  th e  epoxy r e g i o n  
between th e  g ro o v e  end and th e  f i b r e  c o re .  Two beams can be c l e a r l y  
seen  making sm all  a n g le s  w ith  th e  V-groove. F ig u re s  6.3 b,d show the  
r e s u l t  o f  c o u p l in g  a beam such  t h a t  i t  p r o p a g a t e d  a c r o s s  th e  f i b r e  
c la d d in g  e l l i p s e  i n  th e  r e g io n  where the  epoxy s u b s t r a t e  extended over 
th e  s h o r t e s t  d i s t a n c e .  The beam was o b s e rv e d  to  be p a r t i a l l y  
t r a n s m i t t e d  and p a r t i a l l y  r e f l e c t e d .  This experim ent showed th a t  the  
epoxy was i n c o m p a t i b l e  w i t h  th e  s i l i c a  f i b r e  and s i l i c a  b lo c k  a s  an 
o p t i c a l  s u b s t r a t e  m a te r i a l .
There were two p o s s ib le  rea so n s  why f i b r e - f i l m  coupling  was not 
observed .  F i r s t l y  th e  i m a g in a r y  p a r t  o f  th e  epoxy in d e x  ( i . e .  th e  
l o s s )  may have been s u f f i c i e n t l y  high th a t  a l l  the  power coupled i n t o  
th e  f i l m  w as a b s o rb e d .  S e c o n d ly  th e  r e a l  p a r t  o f  th e  epoxy in d e x  may 
have been s i g n i f i c a n t l y  h ig h e r  than t h a t  o f  s i l i c a  such th a t  th e  PMMA- 
epoxy com bination  d id  no t c o n s t i t u t e  a w av eg u id e .  O p t i c a l l y  t h i c k e r  
f i l m s  were used i n  f u r t h e r  experim en ts  to  m inim ise the  f i e l d  s t r e n g th  
a t  th e  film -epoxy  i n t e r f a c e .
From f ig u r e  5.17 i t  was c l e a r  th a t  where a s u b s t a n t i a l  f i b r e - c o r e  
a r e a  r e m a i n e d  ( i . e .  z < 0pm) i n  t h e  TVC, t h e  g u i d e d  p o w e r  w as  
c o n c e n tra te d  i n  i t s  v i c i n i t y .  The same was expected  o f  an o v e r la id  r i b
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F ig u re  6.4- Two and t h r e e  l a y e r  p r o c e s s e s  f o r  f o r m a t i o n  o f  a r i b  
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F ig u re  6 .3
The effect of a  high index epoxy substrate region 
on light guided in a PMMA film with Silica a s  a  
substrate, showing reflection and refraction.
g u id e  coupled to  the  f i b r e  i . e .  power would i n i t i a l l y  be c o n c e n tra te d  
n ea r  t h e  f i b r e - f i l m  i n t e r f a c e .  As th e  c o r e  a r e a  was d e c r e a s e d  th e  
gu id ed  mode shape would a l t e r  and power would become c o n c e n tra te d  in  
th e  r i b  r e g i o n  o f  t h e  r i b  g u id e .  I t  w ou ld  t h e n  have  o n ly  weak f i e l d  
s t r e n g t h  a t  the  f i lm -epoxy  in t e r f a c e .
6 .2 .3  F a b r ic a t io n  o f  r i b  waveguides.
Two methods o f  r i b  f a b r i c a t i o n  were co n s id e red  and th e se  a r e  shown 
in  f i g u r e  6.4. In  the two l a y e r  p ro cess  a f i l m  o f  P o lyca rbona te  (PYC) 
Njj = 1.5850, was d ip -c o a te d  onto a TVC block  (of th e  geom etry shown in  
f i g u r e  5.3). I t  was then  baked a t  130°C f o r  6 hours  to  remove r e s i d u a l  
s o lv e n t  be fo re  a l a y e r  of p h o to r e s i s t  (Sh ip ley  AZ1350J) in  C e l lo so lv e  
th in n e r  was o v e r la id  by d ip  coa t ing .  W ith in  a few seconds the s u r fa c e  
became b l i s t e r e d  and a f t e r  d r y in g  th e  f i l m  w as c o m p le t e ly  b l i s t e r e d .  
The p o ly c a rb o n a te  f i lm  was c l e a r ly  s o lu b le  i n  the  p h o to r e s i s t  th in n e r .  
T h is  Eind s i m i l a r  2 - l a y e r  p ro cesse s  were t h e r e f o r e  in a p p l ic a b le  to  th e  
polym ers used a l th o u g h  t h i s  p rocedure  i s  s ta n d a rd  in  d ip -c o a t in g  a n t i ­
r e f l e c t i o n  c o a t i n g s  o f  g l a s s  l a y e r s  from  s o lu t io n ® .  The 3 - l a y e r  
p ro c e s s ,  f i g u r e  6 . 4b, was d e v i s e d  w i th  an  a lu m in iu m  f i l m  u s e d  to  
s e p a r a t e  the  two d ip -c o a te d  f i lm s .  The aluminium f i l m  was a p p l ie d  by 
vacuum e v a p o r a t i o n  and had good a d h e s io n  t o  th e  p o ly c a r b o n a te .  The 
t h r e e  l a y e r  f i l m  was fo rm e d  on th e  TVC b lo c k ,  a f t e r  c l e a n i n g ,  a s  
f o l lo w s ;
1. Dip co a t  3.9|im f i lm  o f  PYC, bake a t  130°C f o r  6 hou rs .
2. P lace  sample i n  ev ap o ra to r  and rough o u t ,  to  o u tg a ss  sample.
3. Pump to  f u l l  vacuum and perform ev ap o ra tio n .  Aluminium th ic k n e s s  
40—150nm.
4. Dip co a t  l.Spm f i lm  o f  p h o to r e s i s t ,  bake a t  86®C fo r  30 min.
The f i l m  q u a l i t y  w as a m arked  im p ro v em en t on t h a t  o f  t h e  2- l a y e r  
p ro c e s s  but a few randomly spaced b l i s t e r s  were s t i l l  p re se n t .  These 
were t r a c e d  to  p in h o le s  i n  th e  aluminium f i lm .  The p in h o le s  were s m a l l  
(<0 .5  pm d ia m e te r )  and were found to  be caused by d u s t .  The f i l t r a t i o n  
i n  th e  c le a n  room c a b in e t s  used was designed  to  c o l l e c t  p a r t i c l e s  o f  >
0 .3  pm d i a m e t e r .  No l a r g e  d u s t  p a r t i c l e s  (> 0.5pm) w ere  o b s e rv e d  on 
sam ples c l e a n e d  w i t h  p a r t i c u l a r  c a r e  b u t  i t  was fo u n d  i m p o s s i b l e  to  
e l im i n a te  the  sm all  p a r t i c l e s  com plete ly . T h e ir  e f f e c t  which was out 
o f  p r o p o r t i o n  t o  t h e i r  s i z e  i s  e v i d e n t  f rom  f i g u r e  6.5 w h ich  show s a
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b l i s t e r  e x t e n d i n g  to  o v e r  40pm i n  d i a m e t e r .  I t  was n o t  p o s s i b l e  t o  
e v a p o ra te  a 0.5pm f i l m  o f  a lu m in iu m  no r  was i t  p o s s i b l e ,  w i t h i n  t h e  
t im e s c a le  o f  the  p ro je c t  to  e s t a b l i s h  an a l t e r n a t i v e  p o ly m e r-so lv e n t-  
r e s i s t  c o m b in a t io n .  T h is  w ould  h av e  b een  o f  lo w e r  p r i o r i t y  th a n  
e s t a b l i s h i n g  an a l t e r n a t i v e  t o  th e  epoxy u s e d ,  w h ich  w ou ld  have  
in t ro d u c e d  a l t e r n a t i v e  f i lm  f a b r i c a t i o n  o p t io n s .
6 .2 .4  Alignment o f  polymer r i b  waveguide
The s u r f a c e  t e x t u r e  o f  t h e  p o l i s h e d  epoxy and p o l i s h e d  f i b r e  
e l l i p s e  were markedly d i f f e r e n t .  Very uniform  f i l m s  were o b ta in ed  by 
d ip  c o a t i n g  and i t  was found  t h a t  t h e s e  f i l m s  f o l lo w e d  th e  s u r f a c e  
c o n to u rs  i . e .  t h e y  d id  n o t  f i l l  i n d e n t a t i o n s  l e a v i n g  a f l a t  s u r f a c e .  
The alum inium  f i lm s ,  s i m i l a r l y  fo llow ed  th e  su r fa c e  con tours  and the  
c la d d in g  e l l i p s e  c o u l d  be r e a d i l y  i d e n t i f i e d  u n d e r  an  o p t i c a l  
m icroscope , f ig u re  6.6. Using th e  m icroscope on a Nikon mask a l i g n e r ,  
th e  r i b  mask was p o s i t i o n e d  such  t h a t  th e  l i n e  c o i n c i d e d  w i th  th e  
e l l i p s e  e n d s  o f  b o th  th e  i n p u t  and o u t p u t  f i b r e s .  The r i b  w as ( i n  
th e o ry )  then  a l ig n e d  w ith  the  f i b r e  core  e l l i p s e s .  However the  mask 
a l i g n e r  was designed  to  accep t  3" d ia .  w afe rs  and th e  TVC sam ples were 
11cm long  w ith  Im p i g t a i l s  a t  each end. I t  was th e re fo re  necessa ry  to  
make some m ino r  m o d i f i c a t i o n s  to  th e  mask a l i g n e r .  The p i g t a i l s  
a f f e c t e d  th e  s e l f  l e v e l l i n g  s t a g e  i n c o r p o r a t e d  i n  th e  mask a l i g n e r ,  
r e d u c in g  i t s  a c c u r a c y .  The mask and s u b s t r a t e  s u r f a c e s  w ere  n o t  
t h e r e f o r e  p a r a l l e l  and movement a lo n g  one a x i s  r e s u l t e d  i n  s m a l l  
movements on o th e r  axes. In  p r a c t i c e  i t  was found d i f f i c u l t  to  a l i g n  a 
40pm w ide  r i b  i n  t h e  c e n t r e  o f  t h e  125pm w ide  c l a d d in g .  In  o r d e r  to  
a l i g n  s i n g l e  mode ( t y p i c a l l y  2 - 6pm) r i b s  i t  w ould  be n e c e s s a r y  to  
e x t e n s i v e ly  modify a mask a l i g n e r  which would then  be d ed ica ted .  This  
would be te c h n ic a l ly  f e a s ib l e .
A f te r  a l i g n m e n t  and r e s i s t  e x p o s u re  (20 s e c .  e x p o s u re  u s in g  
i n t e g r a l  ÜV lam p) th e  r e s i s t  was d e v e lo p e d  (1 :1  S h ip l e y  d e v e l o p e r  and 
d e io n is e d  w a t e r  f o r  1 m in.) and th e n  th e  u n p r o t e c t e d  a lu m in iu m  was 
e tc h e d .  The TVC was th e n  r e - e x p o s e d  and d e v e lo p e d ,  w i t h o u t  a mask, 
removing th e  rem ain ing  p h o to r e s i s t .  Normally the  p h o to r e s i s t  i s  removed 
d u r in g  p h o to l i th o g ra p h y  by im mersing i n  ace tone  but i t  was found th a t  
t h i s  a l s o  removed the  polymer la y e r .  The samples were then  r in s e d  and 
blow d r ie d .
The s a m p le s  w ere  n e x t  e t c h e d ,  by r e a c t i v e  io n  e tc h in g ^ * ^ ® ,  i n  
oxygen. I n  t h i s  t e c h n i q u e  a d i r e c t i o n a l  e t c h  i s  o b t a i n e d  by
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F ig u re  6.5 E f f e c t  o f  sub 0.3pm p inho le  on r i b  waveguide. B l i s t e r i n g  o f  
th e  r i b  r e g i o n  i s  e v i d e n t  and th e  p i n h o l e  can  be c l e a r l y  
seen a t  the  c e n t re  o f  the b l i s t e r .  The r i b  w idth i s  40pm.
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a c c e l e r a t i n g  c h a rg e d  p a r t i c l e s  to w a r d s  a t a r g e t  s u b s t r a t e ,  i n  a 
m odera te  vacuum where they r e a c t  ch em ica lly  an d /o r  p h y s ic a l ly  to  «Wf 
th e  t a r g e t  m a t e r i a l s .  I n  HIE, a h ig h  p e r c e n t a g e  o f  r e a c t i o n s  a r e  
chem ica l,  the  end p ro d u c ts  a re  gaseous and a re  pumped out o f  the  vacuum 
chamber^^. R e la ted  system s have a h igh  pe rcen tage  o f  p h y s ic a l  r e a c t io n s  
and a r e  r e f e r r e d  to  a s  s p u t t e r in g  system s^^. The r e a c t i o n  p ro d u c ts  o f  
such system s a re  o f te n  r e d e p o s i t e d  be fo re  they  can be pumped from th e  
r e a c t i o n  cham ber^® . RIE w as more s u i t a b l e  f o r  g i v i n g  a c l e a n  e t c h  
p r o f i l e ,  w i th  v e r t i c a l  w a l l s  and was u sed  i n  p r e f e r e n c e  to  s p u t t e r  
e t c h in g .
The c h a rg e d  p a r t i c l e s  a r e  m a i n t a i n e d  i n  a g low  d i s c h a r g e  o r  p la s m a ,  
u s in g  an  RF s i g n a l .  The d i s c h a r g e  i s  c o n f in e d  by a s e l f  g e n e r a t e d  d .c .  
e l e c t r i c  f i e l d  t o  a r e g i o n  above  th e  t a r g e t .  The d .c .  f i e l d  a l s o  
a c c e l e r a t e s  i o n s  from  th e  p la s m a  to w a r d s  th e  t a r g e t .  T h is  b i a s  
p o t e n t i a l  can  be c o n t r o l l e d  to  v a ry  th e  e t c h  r a t e .  The e t c h  r a t e  a l s o  
depends on th e  f lo w  r a t e  o f  g a s  i n  th e  cham ber s i n c e  t h e  r e a c t i v e  
s p e c ie s  become l e s s  p o p u lo u s  a s  t h e  f lo w  r a t e  f a l l s ^ ^ .  Flow r a t e  i s  
measured i n  s t a n d a r d  c u b ic  c e n t i m e t r e s  p e r  m in u te  (sccm ~ ^).  A t h i r d  
f a c t o r  a f f e c t i n g  e t c h  r a t e  i s  t h e  RF pow er c o u p le d  t o  and g e n e r a t i n g  
th e  plasm a. Many o f  the  e l e c t r o n s  have a h igh  energy , co rrespond ing  to  
te m p era tu re s  o f  10^ to  lO^K b u t  th e  p la sm a  i s  n o r m a l ly  o n ly  a few  
d eg ree s  above am bient. I t  i s  th e r e f o r e  a s u i t a b l e  te ch n iq u e  f o r  e tc h in g  
a w id e  r a n g e  o f  f i l m s ,  p r o v id e d  t h a t  a  s u i t a b l e  g a s  m i x t u r e  g i v i n g  
gaseous  r e a c t io n  p ro d u c ts  can be found. Oxygen i s  p a r t i c u l a r l y  s u i t a b l e  
f o r  e tc h in g  polym ers. The e tc h  p a ram e te rs  i n  t h i s  in s ta n c e  were;
I n i t i a l  p re s s u re  1 .5  x 10 ^ mbar
Flow r a t e  O2 20 sccm” ^
P la t e  Voltage 500V
RF power coupled to
plasma 20W
Etch time 10 min.
This  e t c h  t i m e  a t  t h e s e  p a r a m e te r  v a l u e s  g av e  an  e t c h  d e p th  o f  1 
pm, measured by T a ly s te p .
6 .2 .5  Coupling to  polymer r i b  waveguides
A f te r  f a b r i c a t i o n  th e  s a m p le s  w ere  ex am in ed  u n d e r  an o p t i c a l  
m icroscope to  a s s e s s  t h e  f i l m  and l i n e  q u a l i t y .  L a s e r  l i g h t  a t  633nm
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was t h e n  l a u n c h e d  I n t o  th e  end f a c e  o f  e ac h  f i b r e  t o  exam ine  th e  
c o u p l in g  b e h a v io u r .  A t y p i c a l  r e s u l t ,  f o r  a 40|im g u id e  i s  shown i n  
f i g u r e  6.7. T h is  p h o to g ra p h  show s mode s i n k i n g  f rom  a d e f e c t  i n  th e  
polymer r i b  i n t o  t h e  po lym er f i l m .  The mode s i n k i n g  beam i s  w e l l  
co n f ih e d .  M inor d e f e c t s  such  a s  t h i s  and m a jo r  d e f e c t s  such a s  t h e  
b l i s t e r s  shown i n  f i g u r e  6 .5 , t o g e t h e r  w i th  a l i g n m e n t  d i f f i c u l t i e s  
meant t h a t  f ib re -p o ly m e r  r i b - f i b r e  cou p lin g  was not dem onstra ted , nor 
i t s  e f f i c i e n c y  measured.
In  o r d e r  to  r e d u c e  th e  e f f e c t  o f  th e  f i l m / r i b  d e f e c t s ,  o i l  o f  
in d ex  s l i g h t l y  lo w e r  th a n  t h a t  o f  s i l i c a  was a p p l i e d  t o  th e  d e v ic e  o f  
f i g u r e  6.7 . U n f o r t u n a t e l y  t h i s  c o m p l e t e l y  rem oved  t h e  p o ly m er  f i l m .  
Due to  th e  f a b r i c a t i o n  and a lignm en t d i f f i c u l t i e s  d e s c r ib e d  above, th e  
a l t e r n a t i v e  o f  f l i p - c h i p  coupling  was pursued.
6 .3  Rib waveguide f l i p - c h i p s
6 .3 .1  F a b r ic a t io n
The ' low -index  p ass iv e  m a te r i a l '  d e p o s i te d  on s i l i c a  s u b s t r a t e s  as  
a  p la n a r  waveguide, (and to  which m ode-s ink ing  was observed  in  ch a p te r  
5) w as u se d  to  form  r i b - w a v e g u i d e s .  T h e i r  f a b r i c a t i o n ,  w hich  was 
s i m i l a r  t o  t h a t  o f  th e  po ly m er  g u id e s  b u t  w i t h o u t  t h e  a l i g n m e n t  and 
b l i s t e r i n g  d i f f i c u l t i e s  was as  fo l lo w s .  A f te r  c le a n in g ,  an aluminium 
f i l m  was vacuum evapora ted  onto the  samples. A p h o t o r e s i s t  f i l m  was 
d ip - c o a te d  o n to  eac h  sa m p le  th e n  d r i e d  a t  86°C f o r  30 m in. The mask 
was t r a n s f e r r e d  to  the r e s i s t  by c o n ta c t  p r in t i n g  then  the  u n p ro tec ted  
aluminium was e t c h e d  l e a v i n g  an a lu m in iu m  l i n e .  The p h o t o r e s i s t  mask 
was su b se q u en tly  removed i n  ace tone . The aluminium served  as an e tc h  
mask d u r i n g  r e a c t i v e  io n  e t c h i n g  i n  a CF4 /O2 p la s m a .  The e t c h  
p a ra m e te rs  were;
I n i t i a l  p re s su re 200mTorr
Flow r a t e  80:20 r a t i o  o f  CF4/O2 35sccm~^
P la t e  v o l ta g e 500V
RF power coupled to  plasma lOOW
Etch time 10 min.
T h is  e t c h  t im e  a t  t h e s e  p a r a m e te r  v a l u e s  g a v e  an e t c h  d e p th  o f  2 
jun. The aluminium was then  e tched  le a v in g  a r i b  gu ide . Various w id th s  
o f  gu ide  were made and f ig u re  6.8 shows scanning e l e c t r o n  m icrographs
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o f  a  6pm r ib .  Wall v e r t i o a l i t y  was good w ith  sm a ll  u n d u la t io n s  i n  w a l l  
th i c k n e s s  v i s i b l e .
6 .3 .2  Alignment and coup ling
A f te r  f a b r i c a t i o n ,  the  f l i p  ch ip s  were p laced  on th e  TVC sam ples 
and a l i g n e d  by h and  w h i l e  v ie w in g  u n d e r  an o p t i c a l  m ic r o s c o p e .  They 
were then  clamped l i g h t l y  in  p o s i t i o n  w ith  G-clamps. F u r th e r  manual 
a d ju s tm e n ts  were perform ed w ith  p ro g re s s iv e  t i g h te n in g  o f  the  clam ps 
u n t i l  th e  r i b  g u id e  and e l l i p s e  ends  w ere  c o l l i n e a r  and t i g h t l y  
clamped. Low in d e x  o i l  (Np = 1.44) w as th e n  i n s e r t e d  i n t o  th e  s p a c e  
between th e  f l i p - c h i p  and th e  TVC by c a p i l l a r y  a c t i o n .  The r i b  
boundary was no lo n g e r  v i s i b l e  when the  o i l  was a p p l ie d .  T here fo re  any 
subsequen t a d j u s t m e n t s  r e q u i r e d  th e  f l i p - c h i p  and TVC to  be f i r s t  
s e p a ra te d ,  th e n  c l e a n e d  and d r i e d .  F i b r e - r i b - f i b r e  c o u p l i n g  was 
observed  u s in g  b o th  20pm and 40^m r i b s ,  a t  633nm. The c o u p l in g  
e f f i c i e n c y  was o b s e rv e d  to  be low b u t  i t  was f e l t  t h a t  t h i s  w ould  be 
improved w i th  a more s o p h i s t i c a t e d  a l i g n m e n t  a p p a r a t u s  and a l o n g e r  
w avelength  s o u r c e .  I t  was n o t  p o s s i b l e  to  r e c o r d  t h i s  e x p e r i m e n t  
because a f i r e  i n  the  e n g in e e r in g  b u i ld in g  d es tro y ed  both the  samples 
and a s s o c ia t e d  f a b r i c a t i o n  f a c i l i t i e s .
6 .4  Conclusions
These e x p e r i m e n t s  d e m o n s t r a t e d  t r a n s v e r s e  c o u p l in g  b e tw e e n  an 
i n t e g r a t e d  o p t i c a l  w av e g u id e  and a s t a n d a r d  s in g l e - m o d e  f i b r e .  The 
f i l m  f a b r i c a t i o n  o p t i o n s  w ere  l i m i t e d ,  by th e  epoxy u s e d  i n  th e  TVC 
c o n s t r u c t io n ,  to  th e  u se  o f  p o ly m er  w a v e g u id e s  and g l a s s  f l i p - c h i p s .  
The p o ly m e r  w a v e g u id e s  w ere  u n s u i t a b l e  f o r  c o n v e n t i o n a l  m u l t i l a y e r  
p ro c e s s in g  and s u f f e r e d  from  b l i s t e r i n g .  A lig n m en t  o f  a l i t h o g r a p h i c  
mask, w ith  the i n t e r p o l a t e d  p o s i t i o n  o f  the  f i b r e  co re  was ach ieved  but 
w ith  l i m i t e d  a c c u r a c y .  The g l a s s  w a v e g u i d e s  w e r e  r e l a t i v e l y  
s t r a ig h t f o r w a r d  to  p a t t e r n  b u t  a l s o  p roved  d i f f i c u l t  to  a l i g n .  The 
experim en ts  showed th a t  w h ile  the  TVC g iv e s  rugged and s t r a i g h t f o r w a r d  
a l ignm en t b e t w e e n  a f i b r e  an d  a p l a n a r  f i l m ,  i t  r e q u i r e s  a 
s o p h i s t i c a t e d  a p p a ra tu s  to  perform  the  a l ignm en t n ecessa ry  to  couple to  
r i b  waveguides o f  low mode o rder .  The coupling  e f f i c i e n c y  could no t be 
measured.
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Chapter 2z. Summary conclusions and future developments,
7 ,1  I n t r o d u c t io n .
The p r i n c i p a l  a c h i e v e m e n t s  o f  t h i s  w o rk  h a v e  b e e n  t h a t  an  
u n d e rs ta n d in g  o f  th e  c o u p l in g  b e h a v io u r  o f  t h e  TVC h a s  b een  o b t a i n e d  
and t h a t  e f f i c i e n t  t r a n s v e r s e  coupling  has been dem o n stra ted  between a 
s tsm dard  s in g le  mode f i b r e  and a p la n a r  f i lm  waveguide.
The i m p o r t a n c e  o f  th e  e v a n e s c e n t  c o u p l in g  t e c h n i q u e  i n  t h i s  c a s e  i s  
t h a t  i t  complements r a t h e r  than competes w ith  the  e x i s t i n g  techn ique  o f  
b u t t - c o u p l in g .  The t h e o r e t i c a l  d e v e l o p m e n t  a s s o c i a t e d  w i t h  th e  
ex p e r im e n ta l  w ork o f  th e  t h e s i s  i s  d e s c r i b e d  b e lo w . The e x p e r i m e n t a l  
work i s  th e n  s u m m a r is e d  and f u t u r e  work o u t l i n e d .  A new m ethod o f  
p erfo rm ing  WDM i s  proposed which i s  r e l a t e d  to  th e  work o f  c h a p te r  6 on 
r ib - g u id a n c e .
7 .2  Development o f  th e o ry .
7 . 2 .1  Confinement i n  weakly coupled g u id es .
The a n a ly se s  o f  TVC/film and TVC/prism coup ling  were based on coupled 
mode th e o r y ^  (CMT) d e r i v e d  f o r  g u id e s  h a v in g  l e s s  com p lex  g e o m e t r i e s  
and w h ic h  w ere  w e a k ly  c o u p le d .  CMT was r e v i e w e d  i n  c h a p t e r  3 and 
d is c u s s e d  i n  t e r m s  o f  th e  d e g re e  o f  c o n f in e m e n t  i n h e r e n t  i n  eac h  
coupled  g u id e .  F o r  weak c o u p l in g  b e tw een  l o s s l e s s ,  s y n c h ro n o u s ,  
p a r a l l e l  g u i d e s  o f  e q u a l  c o n f in e m e n t  (e .g . f i b r e - f i b r e  o r  f i l m - f i l m )  
power i s  p e r i o d i c a l l y  c o u p le d  b e tw een  th e  g u id e s  w i t h o u t  l o s s ^ .  The 
modes o f  t h e  g u id e s  i n  i s o l a t i o n  a r e  o n ly  w e a k ly  p e r t u r b e d  by t h e  
c o u p l in g .
The s i t u a t i o n  i s  more com plex  f o r  w eak ly  c o u p le d ,  p a r a l l e l  c o u p le d  
g u id e s  h a v in g  d i f f e r e n t  d e g r e e s  o f  c o n f in e m e n t  (e .g .  f i b r e - p r i s m ,  
f i b r e - f i l m ) .  The gu ide  having  the  low er degree o f  confinem ent a c t s  as  a 
m ode-sink and i n  th e  case  o f  f ib r e -p r i s m  coup ling , power coupled from 
th e  f i b r e  to  the  p r ism  i s  not re tu rn e d .  R ad ia t ion  from the  f i b r e  to  th e  
p r ism  o ccu rs  a t  a c h a r a c t e r i s t i c  angle  G^g such th a t  the  components o f  
th e  f i b r e  and p r i s m  f i e l d s  a lo n g  th e  f i b r e  a x i s  a r e  e q u a l .  The f i b r e  
mode may be c o n s i d e r e d  to  be l e a k y ,  h a v in g  a com p lex  p r o p a g a t i o n  
c o n s t a n t .
M ode-sinking b e tw e e n  a w eak ly  c o u p le d  f i b r e  and f i l m  g u id e  i s  a g a i n  
more complex than  th e  f ib r e - p r i s m  case. I t  has been ana ly sed  by Arnaud 
and M a r c a t i l i *  a n d  i s  d i s c u s s e d  i n  c h a p t e r  3. The c o u p l i n g
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c h a r a c t e r i s t i c s  ( f i b r e  to  f i lm )  a r e  s i m i l a r  to  th o se  observed  i n  f i b r e  
to  p r i s m  c o u p l in g .  Leakage o c c u r s  from  th e  f i b r e  i n t o  th e  f i l m  a t  
c h a r a c t e r i s t i c  a n g l e s  +0 ^ ^  such  t h a t  th e  c o m p o n e n ts  o f  th e  f i b r e  and 
f i l m  f i e l d s  a lo n g  th e  f i b r e  a x i s  a r e  e q u a l .  However t h e s e  a n a l y s e s  
c o n s id e r  co u p lin g  to  one plane wave (film -m ode) r a t h e r  than  to  a beam 
composed o f  many p la n e  w aves ,  a s  d i s c u s s e d  i n  c h a p t e r s  4 and 5 . I n  
a d d i t i o n  when th e  p r o p a g a t io n  c o n s t a n t s  o f  t h e  f i b r e  and f i l m  i n  
i s o l a t i o n  a re  equal then  the  an a ly se s  b reak  down g iv in g  i n f i n i t e  l o s s .
In  c h a p t e r  5, a q u a l i t a t i v e  d e s c r i p t i o n  o f  weak c o u p l in g  b e tw e e n  a 
w eakly  coupled  f i b r e  and f i lm  (which a re  not n e c e s s a r i l y  p a r a l l e l )  i s  
g iv e n  f o r  a range  of p ropaga t ion  c o n s ta n ts  co rre sp o n d in g  to  d i f f e r e n t  
o p i c a l  w a v e l e n g t h s .  A lthough  th e  q u e s t i o n s  o f  beam sh a p e  i n  t h e  f i l m  
g u id e  and  o f  c o u p l i n g  b e h a v io u r  a t  s y n c h ro n is m  a r e  c o n s i d e r e d ,  i t  i s  
no t p o s s ib le  to  c a l c u l a t e  the  l o s s  from the  f i b r e ,  or the  coupled beam 
shape, f o r  a p a r t i c u l a r  w a v e le n g th .  T h i s  q u a n t i t a t i v e  a n a l y s i s  does  
however ag ree  w ith  the  e x p e r im en ta l  r e s u l t s  f o r  w avelength  dependent 
co u p l in g .  In  p a r t i c u l a r ,  i t  i s  s u f f i c i e n t  to  e x p la in  th e  sharp  c u t - o f f  
f i l t e r ,  t r a n s m is s io n  c h a r a c t e r i s t i c  o f  f ig u r e  5.14.
7 . 2 .2  S tro n g  coup ling  i n  branching  g u id e s .
The e x t e n s i o n  o f  CMT t o  n o n - p a r a l l e l  g u i d e s  i s  r e l a t i v e l y  
s t r a ig h t f o r w a r d ^  p r o v id e d  t h a t  th e  l o c a l  c r o s s - s e c t i o n  o f  th e  g u id e s  
changes s lo w ly  and smoothly. The weakly coupled th e o ry  d e sc r ib e d  above 
was a p p l i c a b l e  o v e r  th e  b r a n c h in g  g u id e  r e g i o n  o f  t h e  TVC ( r e g io n  A, 
f i g u r e  3 . 2 ) a l t h o u g h  w i t h  i n c r e a s i n g l y  l i m i t e d  a c c u r a c y  a s  t h e  g u id e  
sp a c in g  d e c r e a s e s  t o  z e ro  ( r e g io n  B, f i g u r e  3 .2 ) .  However th e  p r i s m  
co u p l in g  e x p e r i m e n t s  d e s c r i b e d  i n  c h a p t e r  4 i n d i c a t e d  t h a t  a 
s i g n i f i c a n t  am ount o f  power was c o u p le d  i n  t h e  t a p e r e d  c o re  r e g i o n  
( r e g io n  C, f i g u r e  3 .2 ).  I n  t h i s  r e g i o n  i t  i s  n o t  p o s s i b l e  t o  r e t a i n  t h e  
concep t o f  s l i g h t l y  p e r tu rb e d  modes o f  in d iv id u a l  waveguides s in ce  th e  
two g u i d e s  a r e  a d j a c e n t  and s i n c e  t h e  f i b r e  c o re  i s  no lo n g e r  
c i r c u l a r l y  sym m etric . The BPM a n a l y s i s  d e sc r ib e d  in  ch a p te r  5, showed 
t h a t  ( fo r  one p a r t i c u l a r  f i b r e  f i lm  com bination) the  m a jo r i ty  o f  power 
t r a n s f e r  occured  i n  th e  ta p e red  core  reg ion .  This  showed th a t  TVC/film 
co u p l in g  w as e s s e n t i a l l y  a t h r e e  d im e n s io n a l  p ro b le m  o f  s t r o n g  
c o u p l in g ,  r e q u i r i n g  a com pu ta tiona l techn ique  such as the  BPM to  o b ta in  
a q u a l i t a t i v e  d e s c r ip t i o n  o f  coupling .
The essen ce  o f  the  w eak-coupling  th eo ry  was t h a t  m ode-sinking and on- 
a x i s  c o u p l in g  o c c u re d  a t  d i f f e r e n t  w a v e le n g th s  a c c o r d in g  t o  t h e
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mismatch i n  l o n g i t u d i n a l  p r o p a g a t io n  c o n s t a n t s  ( f i g u r e  5 .1 ) .  T h is  
fo llo w ed  d i r e c t l y  f rom  th e  d e r i v a t i o n  o f  Arnaud u s in g  th e  d e l t a -  
f u n c t io n  o p e r a t o r  w h ic h  l e d  t o  a c l e a r l y  d e f i n e d  c o u p l i n g  
c h a r a c t e r i s t i c .
7 .2 .3  BPM a n a l y s i s  o f  th e  TVC.
A BPM a n a l y s i s  o f  the  coupling  p rocess  i n  the  TVC showed th a t  i n  the  
case  o f  s t r o n g  c o u p l i n g ,  b o th  e l e m e n t s ,  m o d e - s in k in g  and o n - a x i s  
co u p l in g  w ere  p r e s e n t  a t  a s i n g l e  w a v e le n g th .  Two s o l u t i o n s  w ere  
i n d i c a t e d  f o r  each w avelength ; a p e r tu rb a t io n  o f  the  f i b r e  mode by th e  
f i l m  and s i m i l a r l y  a p e r tu r b a t io n  o f  th e  f i lm  modes by the  f ib r e .  I f  we 
c o n s id e r  p a r a l l e l  g u id e s  (or a p a r t i c u l a r  l o c a l  c r o s s - s e c t io n )  then f o r  
any p a r t i c u l a r  w avelength , the  power coupled to  each o f  th e se  s o lu t io n s  
cou ld  in  p r i n c i p l e  be c a lc u la te d .  The d i s t r i b u t i o n  of  power between the  
two s o l u t i o n s  (a s  w e l l  a s  th e  mode s i n k i n g  a n g le  and th e  mode s h a p e )  
would a l t e r  w i t h  w a v e le n g th .  At a s y n c h ro n o u s  w a v e le n g th  th e  a x i a l l y  
p ro p a g a t in g  s o l u t i o n  (o f  th e  f i l m  modes lo a d e d  by th e  f i b r e )  w ould  
dominate w hereas a t  a m ode-s ink ing  wavelength the  o f f - a x i s  p ro p ag a t in g  
s o lu t i o n  ( o f  t h e  f i b r e  mode l o a d e d  by t h e  f i l m )  w o u ld  be m o re  
p r e v a l e n t .
From f ig u r e  5.17 i t  can be seen th a t  the  d i s t r i b u t i o n  o f  power between 
th e s e  tw o s o l u t i o n s  a l s o  c h a n g e s  w i t h  th e  l o c a l  c r o s s - s e c t i o n  o f  t h e  
TVC. I t  was c l e a r  from  f i g u r e  5.17 i - i v ,  and from  t a b l e  5.1 t h a t  
a l th o u g h  t h e  f i b r e  and f i l m  g u id e s  w ere  m is m a tc h e d ,  ( i n  i s o l a t i o n )  
power was t r a n s f e r r e d  f rom  th e  f i b r e  i n t o  th e  f i l m  a s  a mode o f  th e  
com posite  r ib -w av eg u id e .  The ex ac t  w avelength  a t  which power was most 
e f f i c i e n t l y  t r a n s f e r r e d  from the f i b r e  in to  the  f i lm  would in  p r a c t i c e  
be s h i f t e d  s l i g h t l y  from  th e  sy n c h ro n o u s  w a v e le n g th  c o n d i t i o n ,  
d e s c r ib e d  i n  c h a p t e r  5 f o r  weak c o u p l in g ,  by th e  l a r g e  c o u p l in g  
s t r e n g th .  As the  rem a in ing  core a rea  d im in ish es  power i s  coupled from 
th e  a x i a l  mode i n t o  mode s in k in g  beams ( f ig u re  5.17 v i - i x ) .  This i s  in  
agreem ent w i t h  t h e  c o n c l u s i o n s  o f  M a r c a t i l i  ( w i th  th e  e x c e p t i o n  t h a t  
co u p lin g  i s  to  a beam r a t h e r  than to  a plane wave).
7 .3  E xperim ental o b s e rv a t io n s  o f  the  TVC.
The c o n s t r u c t i o n  o f  th e  TVC, i t s  a d v a n ta g e s  and p ro b le m s ,  and a 
comparison w i th  o t h e r  f i b r e  c o u p l e r s  i s  g iv e n  in  c h a p t e r  4. The 
ex p e r im en ta l  i n v e s t i g a t i o n  o f  the TVC was s t r u c tu re d  accord ing  to  the
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d eg ree  o f  confinem ent provided by the  e lem en ts  to  which i t  was coupled. 
E xperim en ta l  o b s e r v a t i o n s  o f  TV C-prism , T V C -film  g u id e  and TV C -rib  
g u id e  c o u p lin g  were reco rded . The TVC was a u s e fu l  d ev ice  i n  advancing 
th e  u n d e r s t a n d i n g  o f  t r a n s v e r s e  f i b r e  f i l m  c o u p l i n g .  I t  w as  
dem o n s tra ted  t o  be an e f f i c i e n t  f i b r e - f i l m  c o u p l e r  w i t h  p o t e n t i a l  
a p p l i c a t i o n s  a s  an  i n - l i n e  f i b r e  f i l t e r  ( f i g u r e s  5 . 7 , 5 . 9 , 5 .14) and a s  
an  o p t i c a l  s e n s o r .
7 . 3 .1  TVC-prism co u p l in g .
The o b je c t s  o f  the  p rism  coupling  experim en ts  were to  confirm  th a t  th e  
c o u p le r  o f f e r e d  a c c e s s  to  the evanescen t f i e l d  o f  the  o p t i c a l  f i b r e  and 
to  make u se  o f  t h a t  f i e l d  f o r  o p t i c a l  c h a r a c t e r i s a t i o n  measurements. 
The e x p e r i m e n t s  c o n f i r m e d  t h a t  e v a n e s c e n t  f i e l d  c o u p l in g  ( r e g i o n  A, 
f i g u r e  3.2) o c c u re d  a s  e x p e c te d  b u t  showed i n  a d d i t i o n  t h a t  c o u p l in g  
from t h e  t a p e r e d  c o r e  r e g i o n  ( r e g io n  C, f i g u r e  3.2) w as s u b s t a n t i a l .  
The o u t p u t  r a d i a t i o n  p a t t e r n  d id  n o t  c o r r e s p o n d  t o  p a r t i c u l a r  f i b r e ­
mode l i n e s  a s  expec ted  but to  i n t e r f e r e n c e  between th e  r a d i a t i o n  from 
each  c o u p l i n g  r e g i o n .  T h is  was shown to  c o r r e s p o n d  c l o s e l y  t o  t h e  
i n t e r f e r e n c e  p a t t e r n  a r i s i n g  from p lane  waves in c id e n t  on a  s i n g l e - s l i t  
and a  s e m i - i n f i n i t e  h a l f  space. This com parison le d  t o  a  f i g u r e  f o r  th e  
d im ensions  o f  th e  r a d i a t i o n  a p e r tu re  and th e r e f o r e  th e  f i b r e  core  s i z e ,  
which w as i n  good a g re e m e n t  w i th  t h e  c o re  s i z e  e x p e c te d  f ro m  ESI 
measurements. S ince  th e  r a d i a t i o n  p a t t e r n  was p r i n c i p a l l y  a  f u n c t io n  o f  
th e  TVC geom etry  th e  p r ism  coupling  techn ique  was co n s id e re d  u n s u i ta b le  
f o r  f i b r e  c h a r a c t e r i s a t i o n  measurements. A TVC and PDC were c o n s t ru c te d  
from  s in g l e  mode f i b r e  (a t  633nm) to  remove any e f f e c t s  o f  in te rm o d a l  
i n t e r f e r e n c e  and to  confirm  th a t  coup ling  occured from th e  ta p e re d  co re  
r e g io n  o f  th e  TVC.
7 . 3 .2  TVC-film co u p l in g .
C oupling  between th e  TVC and p la n a r  ( o i l - f i l m )  waveguide i s  d isc u sse d  
i n  c h a p t e r  5. The s y n c h r o n i s a t i o n  c o n d i t i o n s  f o r  a c h i e v i n g  e f f i c i e n t  
power t r a n s f e r  i n  a  d i r e c t i o n a l  c o u p l e r  a r e  e x a c t i n g .  S in c e  t h e  
co u p l in g  c h a r a c t e r i s t i c s  were unknown, ' tu n in g '  was ach ieved  by u s in g  a  
m u l t i —w avelength  s o u r c e  and an  o p t i c a l  s p e c t r u m  a n a l y s e r • T h i s  c o u ld  
a l s o  h a v e  b een  a c h i e v e d  a t  a  s i n g l e  w a v e le n g th  by v a r y i n g  t h e  f i l m  
th i c k n e s s  and th e r e f o r e  the e f f e c t i v e  in d ex  o f  th e f i l m  modes, p rovided  
t h a t  t h e  n e c e s s a r y  d e g r e e  o f  t h i c k n e s s  c o n t r o l  c o u ld  h ave  b een
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m a in ta in ed .  Any t i l t i n g  o f  the  (nom inally) p la n a r  f i lm  as th e  (average) 
t h i c k n e s s  w as v a r i e d  w ou ld  h av e  a f f e c t e d  th e  a c c u r a c y  o f  t h e  r e s u l t s  
and t h i s  method was deemed im p r a c t i c a l .
Measurement o f  th e  c o u p l e r  e f f i c i e n c y  w as c o n s id e r e d  c r u c i a l  and an 
e x p e r im e n ta l  arrangem en t was dev ised  which m inim ised  th e  d i s ta n c e  which 
l i g h t  t r a v e l l e d  i n  th e  f i l m  waveguide. The i n s e r t i o n  l o s s  o f  th e  d ev ice  
in c lu d e d  beam s p r e a d i n g ,  s c a t t e r i n g  and m a t e r i a l  l o s s  a s  w e l l  a s  t h e  
e f f e c t s  o f  t i l t  and m echanical m isa lignm en ts  between the  f i b r e s .  These 
components were m in im ised  by u s in g  th e  sh o r t  f i lm  waveguide arrangem en t 
bu t  w e re  n o t  e l i m i n a t e d .  S in c e  th e y  co u ld  n o t  be q u a n t i f i e d ,  i t  w as 
im p o ss ib le  to  p r o v id e  a b reakdow n o f  th e  e x p e r i m e n t a l  l o s s e s .  I n  
p r i n c i p l e  the  t h e o r e t i c a l  l o s s e s  could be ev a lu a te d  u s in g  th e  BPM but 
th e  computing time was not a v a i l a b l e  f o r  t h i s .
The c o u p l e r  i n s e r t i o n  l o s s  was fo u n d  to  be a  s t r o n g  f u n c t i o n  o f  
w aveleng th  and w as c l o s e l y  r e l a t e d  t o  th e  f i b r e  and f i l m  d i s p e r s i o n  
d iagram  o f  e . g .  f i g u r e  5 .1 ,  a s  d i s c u s s e d  i n  s e c t i o n  7 .2 .  The 
t h e o r e t i c a l  p r e d i c t i o n  o f  m ode-sinking  was i n v e s t i g a t e d  and confirm ed  
i n  tw o  e x p e r i m e n t s .  The e f f e c t s  o f  m o d e - s in k in g  w ere  o b s e r v e d  i n  a  
m u lt i -w a v e le n g th  experim en t and gave r i s e  to  th e  sharp  c u t - o f f ,  f i l t e r  
t r a n s m is s io n  c h a r a c t e r i s t i c  o f  f i g u r e  5.14. Over t h e  lOnm r a n g e  f ro m  
l=1.32um to  1=1 .33|im th e  f i b r e  to  f i b r e  t r a n s m i s s i o n  o f  t h e  d e v i c e  
changed by 17dB.
The i n s e r t i o n  lo s s  a t  each w avelength o f  th e  dev ice  was measured u s in g  
a  c u t - b a c k  t e c h n i q u e .  T h i s  p r o v id e d  th e  d a t a  f o r  t h e  t h e o r e t i c a l  
a n a l y s e s  d e sc r ib e d .  The minimum i n s e r t i o n  l o s s  measured from f i b r e  t o  
f i l m  t o  f i b r e  was 2dB, T h i s  was a c h i e v e d  a t  l=l,36(im w i th  a  f i l m  o f  
in d e x  np=1.470 ( f i g u r e  5 .11) and  a t  1=1.33pm, 1=1 .46pm w i t h  a  f i l m  o f  
in d e x  n^=1.620 ( f ig u r e  5.14). The f a b r i c a t i o n  o f  a  coup le r  o p e ra t in g  a t  
such  a  h igh  e f f i c i e n c y  over t h i s  range o f  f i lm  th ic k n e s s e s ,  i n d i c e s  and 
s i g n a l  w aveleng ths  was th e  p r i n c i p a l  achievement o f  t h i s  p r o j e c t .
7 . 3 .3  TVC-rib g u ide  c o u p l in g .
C oupling  b e tw e e n  th e  TVC and  a  r i b  o r  c h a n n e l  w av eg u id e  o f  lo w  mode 
o rd e r  was expec ted  t o  have the  c h a r a c t e r i s t i c s  a s s o c ia te d  w i th  g u id e s  
o f  eq u a l  confinem ent.  Coupling to  r e l a t i v e l y  h igh  o rder  mode r i b - g u i d e s  
was d e m o n s t r a t e d  b u t  t h e  d i f f i c u l t i e s  o f  g u id e  f a b r i c a t i o n  and  m ask  
a l ig n m en t ( f o r  p o ly m e r  r i b s )  and  o f  f l i p - c h i p  a l i g n m e n t  m e an t t h a t  
coupling t o  g u id e s  o f  low mode o rd e r  was no t dem onstra ted ,
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7.4 Future developments.
The i n v e s t i g a t i o n  o f  t r a n s v e r s e  coupling between a  s in g l e  mode f i b r e  
and a  r i b  or channe l gu ide  and a s in g le  mode f i b r e  i s  n ece ssa ry  b e fo re  
e v an e sc en t  c o u p l i n g  can  be s e r i o u s l y  c o n s i d e r e d ,  b e s i d e  end f i r e  
c o u p l in g ,  f o r  dev ice  p ro d u c t io n .  Such an i n v e s t i g a t i o n ,  e s p e c i a l l y  o f  a 
m u l t i -w a v e le n g th  n a t u r e  s h o u l d  y i e l d  a f i g u r e  f o r  t h e  c o u p l i n g  
c o e f f i c i e n t  b e tw e e n  th e  g u id e s .  The c o u p l in g  l e n g t h  and th e  r a t e  o f  
f a l l - o f f  i n  pow er t r a n s f e r  w i th  g u id e  m ism a tc h ,  c o u ld  th e n  be 
c a l c u l a t e d .  T h i s  w ould  a l l o w  th e  t o l e r a n c e s  f o r  c o u p l in g  w i th  a g iv e n  
e f f i c i e n c y  a t  a g iven  w avelength  to  be ev a lu a ted .  T h is  would be o f  l e s s  
v a lu e  f o r  p la n a r  f i lm  coup ling  ( i f  i t  could be m e an in g fu lly  c a lc u la te d )  
s in c e  p la n a r  f i lm s  a r e  l e s s  u se fu l  from a dev ice  v iew p o in t .
One p o s s ib le  a p p l i c a t i o n  o f  p lan a r  f i lm  coup ling  concerns  th e  mode- 
s in k in g  phenomenon, observed  i n  the  sharp c u t - o f f  f i l t e r  ( f ig u re  5.14). 
I f  th e  re sp o n se  o f  an a c t i v e  f i lm  i n  t h i s  a rrangem ent was to  a l t e r  th e  
peak t r a n s m i s s i o n  w a v e le n g th s  (as  e x p e c te d )  th e n  t h i s  d e v i c e  w ould  
perfo rm  a s  an  a c t i v e  f i l t e r ,  m o d u la to r  o r  s w i t c h .  A f i l m  w i t h  an 
i n t e n s i t y  dependent r e f r a c t i v e  index, in c o rp o ra te d  in  t h i s  dev ice  would 
a l s o  have p o t e n t i a l l y  i n t e r e s t i n g  p r o p e r t i e s .
7 .4 .1  D - f ib r e .
The p r i n c i p l e  v e h ic le  f o r  i n v e s t ig a t in g  f i b r e - r i b  coup lin g  i s  expec ted  
to  be t h e  D - f i b r e ^ .  H igh in d e x  sandw ich  r ib b o n  (SR) f i b r e s  have  
p r e v io u s ly  been used to  couple to  p lanar  waveguides but th e se  r e q u i re d  
an e n d - f i r e  c o n n e c t i o n  to  s t a n d a r d  f i b r e s .  D - f i b r e s  ( f i g u r e  7.1) have  
r e c e n t l y  been developed which have an a c c u ra te ly  c o n t r o l l e d  c o re—f l a t  
d i s t a n c e  (D), which d e te rm in e s  the coupling s t r e n g th ,  and would r e q u i r e  
to  be o p t im is e d .  S ince  epoxy o f  low er index than  s i l i c a  i s  a v a i l a b l ^ h e  
f i b r e s  c o u ld  be r i g i d l y  a l i g n e d  by f i x i n g  t h e  r e f e r e n c e  f l a t  o f  th e  
f i b r e  t o  t h e  i n t e g r a t e d  o p t i c a l  w avegu ide  d i r e c t l y .  T h is  w ould  
e l im in a te  b o th  t h e  need  f o r  a p r e c i s i o n  s t r u c t u r e  such  a s  t h e  TVC and 
th e  u s e  o f  an o p t i c a l l y  i n c o m p a t i b l e  epoxy, n e c e s s a r y  f o r  p o l i s h i n g  
p u rp o se s .
7 .4 .2  Wavelength d iv i s i o n  m u l t ip le x in g .
Another a r e a  o f  i n t e r e s t  a r i s i n g  from  t h i s  w ork i s  th e  u se  o f  mode 
s in k in g  f ro m  a t r a n s i t i o n  i n  a r i b  w av eg u id e  to  p e r fo rm  w a v e le n g th
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F ig u re  7 .1  D - f ib r e .  This  f i b r e  i s  made by removing p a r t  o f  the  
preform  o f  a  s tan d a rd  f i b r e  b e fo re  p u l l i n g .
d i v i s i o n  demultiplexing*^*®. This  device  could employ D -f ib re  coup ling  
a t  th e  in p u t  an d /o r  o u tp u t  s ta g e s .
The d e v i c e  h a s  tw o p r i n c i p a l  p a r t s  i n t e g r a t e d  on a common s u b s t r a t e  
f i g u r e  7.2. The f i r s t  p a r t  i s  a th in  f i lm  r i b  waveguide, uniform  i n  the  
d i r e c t i o n  o f  p ro p ag a t io n  ( the  launch reg io n ) .  I n to  t h i s  re g io n  o p t i c a l  
power i s  launched , e i t h e r  by a t r a n s v e r s e  coup ling  method or by an end-  
f i r e  te ch n iq u e )  from a second waveguide which may be o f  the  t h i n - f i l m  
o r  f i b r e  ty p e s .  A ll w aveleng ths  to  be d em u ltip lex ed  a re  launched i n t o  
t h i s  r i b  g u id e  and a r e  g u id e d  by i t .
The second p a r t  o f  the  guide  i s  a t r a n s i t i o n a l  waveguide which has  one 
o r  m ore  t a p e r e d  s e c t i o n s  a lo n g  i t s  l e n g t h .  These t a p e r s  r e d u c e  t h e  
w id th  o f  t h e  r i b  and t h e r e f o r e  lo w e r  i t s  g u id i n g  pow er.  The t a p e r e d  
s e c t i o n s  may be s e p a ra te d  by uniform s e c t io n s .  As the  gu id ing  power o f  
th e  r i b  i s  low ered  smoothly the  lo n g e s t  wavelength launched and guided  
i n  t h e  l a u n c h  s e c t i o n  w i l l  become c u t - o f f  and w i l l  r a d i a t e  i n t o  t h e  
t h i n - f i l m  r e g i o n ,  i n  w h ich  i t  w i l l  be g u id e d .  The t r a n s f e r  o f  l i g h t  
from t h e  r i b  t o  th e  u n i f o r m  f i l m  o c c u r s  th ro u g h  m o d e - s in k in g  a s  
p r e d i c t e d  by M a r c a t i l i .  This r e s u l t s  i n  two beams o f  l i g h t  i n  th e  f i l m ,  
a t  e q u a l  a n g le s  to  the o r ig i n a l  p ropaga t ion  d i r e c t io n .  I f  the  t a p e r  i s  
s u f f i c i e n t l y  smooth and the  launch w avelengths a re  s u f f i c i e n t l y  w e l l  
s e p a r a te d  then  only  t h i s  w avelength  w i l l  be c u t - o f f  and become gu ided  
i n  t h e  u n i f o r m  f i l m  r e g i o n .  As t h e  r i b  g u id e  i s  f u r t h e r  t a p e r e d ,  t h e  
n ex t  l o n g e s t  w a v e g u id e  i s  c u t - o f f .  The beams o f  l i g h t  i n  th e  u n i f o r m  
f i l m  re g io n  have e f f e c t i v e l y  a f i n i t e  w idth  and have f i n i t e  d ive rgence  
a s  shown i n  f i g u r e  5.17. Each beam i s  monochromatic and i s  p h y s ic a l ly  
s e p a r a t e d  from the o th e r  beams w h ile  i t  i s  in  the  v i c i n i t y  o f  the  r i b -  
g u i  de. Each beam can  t h e r e f o r e  be c o u p le d  (by t r a n s v e r s e  o r  e n d - f i r e  
co u p l in g )  t o  an  o u tp u t  g u id e  w hich  can  be o f  th e  t h i n - f i l m  o r  o p t i c a l  
f i b r e  ty p e s .  The n o v e l ty  o f  the  dev ice  l i e s  i n  u t i l i s i n g  m ode-s inking  
to  s e l e c t i v e l y  remove l i g h t  o f  one w avelength  from a  r ib -w avegu ide  and 
to  g u i d e  i t  i n  a  seco n d  c o u p l in g  r e g i o n  w h e re  i t  can  be f u r t h e r  
p ro c e s se d  in d i v id u a l ly .
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Thin f i lm  r i b
S u b s t r a te
Rib waveguide
Thin f i lm  waveguide
F ig u re  7 .2  b) D e ta i l s  o f  r ib -g u id e  s t r u c t u r e s .
a )  c r o s s - s e c t io n  o f  in t e g r a t e d  o p t i c a l  g u id e .
b) p la n  view o f  r i b  showing 1 , un iform  launch  r e g io n  
and 2 , t r a n s i t i o n a l  waveguide.
c) T ypica l t r a n s i t i o n a l  gu ide  s t r u c t u r e s .
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